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Simple Summary: To better understand animals’ ecology, mitigate threats and protect species
effectively, it is necessary to know how all age and sex categories use the space over time. However,
little is known about how many immature animals move throughout their dispersal period. Here, we
describe the movement patterns of immature Andean condors during the immature stage, analyzing
whether these movements differ according to age, sex and season. We found that immature condors
display the longest home ranges and flight distances during warm seasons and when they are sub-
adults. Males tend to have larger home ranges than females. The movement patterns we found
were larger than those reported for adult condors, but also much larger than those reported for
immature individuals from other vulture species. We highlight the importance of understanding and
considering immature individuals’ movements, the area they use and their capabilities of movement
in conservation strategies.

Abstract: Immature individuals move from their natal area to the area where they settle and re-
produce, and this may take several years. This process is essential for long-lived species such as
vultures and condors, which spend long periods as immature and move extensively. We studied the
movement behavior of 26 GPS-tagged immature Andean condors (Vultur gryphus) from northwestern
Patagonia throughout the immature stage, analyzing whether these patterns differed according to
age, sex and season. We found that season and age influenced home range size and flight distances,
the warm season being when immature condors move most; movement patterns were greater in
sub-adults than in juveniles. The age effect was associated with the sex of individuals, with males
increasing their home range more than females. Our results provide the first description of how
immature Andean condor movement patterns are affected by internal and external factors. This
information could be key to understanding condor responses to environmental change and threats
at different stages during their immature phase. Until now, condor conservation efforts have not
considered the areas used by dispersing individuals. Our results increase our understanding of
ranging behavior during the immature stage of this threatened bird, enabling us to improve the
conservation policies and management strategies designed to protect them.

Keywords: dispersal; flight distance; home range; movement patterns; scavengers; Vultur
gryphus; vultures

1. Introduction

The immature phase is an important stage; it is when individuals disperse, and learn
how to find food and other resources for surviving. During this phase, individuals disperse,
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leaving their natal area until they settle and reproduce for the first time [1–3]. This phase is
not only important at an individual level, but also for population dynamics, because imma-
ture individuals evaluate the spatiotemporal distribution of resources, which is essential
for species that live in changing environments [2,3]. In the past, most movement studies
were based on direct field observations of marked animals, or on very high frequency
(VHF) radio-telemetry tracking of individual animals (e.g., [4–8]). This has often resulted
in inaccurate and biased information, especially for wide-ranging species that can move
hundreds of kilometers in a single day. In fact, due to the difficulty of studying movement
patterns during the immature stage, a large knowledge gap still exists in our understanding
of this period [9–11].

Over recent decades, satellite tracking technology has produced high-quality informa-
tion about animal movement and home range areas [9,12]. This technology has improved
the information available on habitats that are important for wild animals, especially for
long-lived species [11,13]. Moreover, satellite tracking has clearly showed that even within
a species there may be important differences in the use of space, depending on age, sex and
seasonality [14–17]. Satellite tracking has also made it possible to improve our knowledge
on dispersal in several animal species [1,18,19], particularly in immature birds [6,20–22].
However, information is scarce on the immature stage of birds of conservation concern,
such as vultures and condors (e.g., [9]).

Studying the immature phase of large soaring birds can provide new insights into
bird movement, since their life stories differ from those of other, frequently-studied birds
such as owls and passerines [21,23–26]. Most soaring birds are long-lived and have a
low reproductive rate, with prolonged parental care [27]. Their offspring present delayed
maturity, dispersal being a long and complex process during which immature individuals
have to learn how to be self-sufficient, acquire flight skills, find food resources and exploit
them efficiently [28,29]. Using their capacity for extensive movement, vultures have greater
dispersal potential than other birds [15,30,31], and studying this process may reveal impor-
tant new information for their conservation. For example, key sites for vulture conservation
can be identified (e.g., resting sites such as communal roosts or risky flight paths commonly
used by immature birds but less used by adults) [11,13,32]. For these reasons, studying
immature vultures and condors is of great importance in creating effective conservation
policies for these threatened birds.

The Andean condor (Vultur gryphus), an emblematic species of South America, is facing
diverse threats associated with human disturbance (e.g., lead contamination, intentional
poisoning, persecution and habitat loss) [33]. Despite being considered a Vulnerable
species [34], almost no information exists on the movement patterns and differential range
use of immature individuals (however, see [35]). In this study, therefore, we provide an
integrated description of the movement behavior of immature Andean condors at different
moments of their dispersal period (from the first months after leaving the nest, ≥1year old,
up to several months before settling in a territory, 6 years old), analyzing whether these
patterns differ according to age (juvenile or sub-adult), sex and season (warm or cold). This
analysis of movement during the immature stage improves our understanding of condor
population dynamics and can be used to improve the conservation measures that focus on
this species.

2. Materials and Methods
2.1. Study Area

The study was performed in northwestern Patagonia, Argentina and Chile
(33–50.5◦ S/68–72.5◦ W). This area was determined by the movement patterns of the tagged
Andean condors. This area includes a gradient of high mountain environments in the west,
and temperate forests, pastures and sub-Andean steppes in the east [36]. The Andes Moun-
tains become flatter to the east, turning first into a transitional area (‘ecotone’) and then into
the Patagonian Monte (in the north) and the Steppe (in the south) biomes [36,37]. Condors
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commonly use the ecotone and the Steppe to feed on livestock and wild herbivores [38–40];
the mountains between Chile and Argentina are used for nesting and roosting [39].

2.2. Study Species

The Andean condor is a large obligate scavenger that inhabits the Andes Mountain
range in South America (from Venezuela to the south of Chile and Argentina) [34,41].
Condor populations have suffered a retraction in some areas, and their populations are
tending to decrease [33,34,42]. Their reproductive strategy is one of the slowest among
birds; they commonly lay one egg every two years, then the chick spends up to six months
in the nest, and stays with its parents until 15 months of age [27,43]. They also have a long
immature period that takes up to six years [41,44]. This species is among the largest flying
birds in the world, with a wingspan that can exceed 3 m, and notable sexual dimorphism
that allows differentiation between sexes: males have a crest and are bigger than females,
weighing up to 16 kg [27,45].

2.3. Bird Tagging

We trapped Andean condors in the surroundings of Bariloche city, Río Negro province,
Argentina (41◦13′ S, 71◦4′ W). For this, we used a cannon net baited with a sheep carcass.
During the austral spring–summer seasons between 2013 and 2018, we trapped 26 immature
Andean condors (14 females and 12 males) with an age range of between two and five
years old. Individuals were assigned to age categories according to their bill and feather
coloration: juvenile (post-fledgling to 3 years) or sub-adult (3 to 6 years) [44,46,47]. We
tagged 17 of the trapped birds with a 100-g solar GPS-GSM CTT backpack (Northstar-
VektorTek LLC, Reston, VA, USA), four with a 90-g solar CTT®-1090 GPS-GSM backpack
(Cellular Tracking Technologies, Rio Grande, NJ, USA), and five with a 75-g solar CTT®-
1000-BT3-Series GPS-GSM 3rd Gen backpack (Cellular Tracking Technologies) (Table S1).
The devices weighed between 75 and 100 g (<1.5% of the weight of the tagged birds)
and were fitted with Teflon ribbon backpack harnesses. All the tags were duty cycled to
transmit every day from dawn to dusk at the minimum interval time allowed by the tags,
i.e., every 15 min.

2.4. Data Analysis
2.4.1. Data Processing

We obtained 249,101 GPS locations from the 26 tagged immature condors, regis-
tered from the time each bird was released until the time the unit stopped working or
up to 1 December 2020. Only the devices placed in 2018 are still transmitting, the others
having failed at different times, so the monitoring periods differed between individuals
(Table S1). Unfortunately, we do not know with confidence the causes for the failure of
the units; however, those failures are frequent in telemetry studies [48]. To standardize
the interval time between successive GPS locations, and to use a time interval comparable
with the available information for adult Andean condors and immature individuals of
other vulture species, we used a subsample of our dataset that included only one GPS
location per hour. For all spatial analyses, the GPS locations were projected to the UTM
coordinate system (WGS-1984 UTM Zone 19S) for use in R v.3.6.0 [49] and ArcGIS v.10.3
(ESRI, Inc. USA). For all temporal analyses, we compared two seasons based on the
number of daylight hours: “warm” (1 October–31 March) and “cold” (1 April–31 Septem-
ber). For all spatial analyses involving seasonal comparisons, we used only data from
individuals that registered at least 140 GPS locations in an entire month; this value repre-
sents the asymptotic value of the monthly home range curves for most of the immature
individuals surveyed.

2.4.2. Home Range Size

To describe the area used by all the tagged immature Andean condors and to estimate
the total and monthly home range, we assessed a combination of home range estimators
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using all the GPS locations obtained for each individual [50,51]. For the statistical analyses,
however, we used the locations of each individual in each month, taking into account the
season of each dataset, and the age and sex of each bird. Home ranges were estimated
through kernel density estimation (KDE) using the “adehabitatHR” and “rgal” packages
in R software [49,52,53]. Kernel density estimator (KDE) contours were also calculated to
report the total area used (99%), the majority of the home range areas (95%), and the core
(intensive use) areas (50%). We applied a smoothing parameter (h) of 7000 and a grid size
of 10,000 m following the ad hoc criteria suggested by [54]. We also calculated the home
range of each individual with the 100% Minimum Convex Polygon (MCP) encompassing
all GPS fixes obtained for that individual. Although MCPs tend to overestimate the actual
area occupied by an individual, they provide an indication of the overall foraging area and
allow comparisons with other studies [9,55,56].

2.4.3. Flight Distances

To quantify the extent of immature Andean condor movements, we determined the
distance traveled in hourly fixed intervals for individuals across all classes of age, sex and
season. Hourly flight distances were calculated as the distance in a straight line between
two consecutive locations registered with one hour’s difference on the same day. Daily
distances were calculated as the sum of the distances from all locations in consecutive
hours in a single day for each individual. For the statistical analyses and to avoid the
underestimation of daily flight distances due to the loss of GPS locations, we used only
the days that had data for at least 75% of the possible hourly locations, considering the
maximum available hours of daylight per day. For warm seasons the maximum number of
daily hours was 16, whereas in cold seasons it was 12 h [45]. Therefore, in the warm season,
only days with at least 12 locations (i.e., between 12 and 16 locations) on the same day were
considered, whereas in the cold season only days that had data for at least 9 locations (i.e.,
between 9 and 12 locations) on the same day were considered.

2.5. Statistical Analysis

To estimate home range size, we worked with a set of monthly data grouped into
warm or cold seasons. We also considered the potential effect of age, sex, season and
the interactions between these variables on home range size and distance traveled. As
mentioned above, we included in the analysis only individuals that had at least 140 GPS
locations per month; that is, individuals that reached the monthly home range asymptote
(Table S2 and Table S3). To evaluate how individual movements can be affected by age
(juvenile or sub-adult), sex and season (warm or cold), we use mixed effect models fitted
to data using the maximum likelihood estimation [57]. We applied log transformations
to the movement variables to reach the model assumptions. The logs of (i) home range
size (MCP, KDE 99%, KDE 95%, KDE 50%) and (ii) hourly and daily flight distances were
included as response variables. We considered the interactions between age, sex and season
variables as predictors. As triple interactions were never significant, we included only
double interactions as fixed effects in the models. Since home range size and flight distance
can be influenced by an individual’s intrinsic characteristics and the year, the identity of
each individual (ID) and the year were included in the models as random effects. The
analyses were performed using the “nlme” R software package [49,58].

3. Results
3.1. Home Range Size

Taken together, all the immature condors used an area of 438,260 km2 MCP
(KDE 99% = 206,854.7 km2; KDE 95% = 121,812.1 km2; KDE 50% = 15, 282.9 km2). The
marked birds covered a large part of the southern mountain range; in a north–south direc-
tion their range extended 1969.7 km, and in a west–east direction the maximum covered
was 385.4 km. We obtained a total of 65,190 GPS locations per hour from the 26 immature
GPS-tagged Andean condors. However, for the analysis of home range size, we used
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54,091 GPS locations of 18 individuals: 8 females and 10 males that reached the asymp-
totic value of the home range curves. Five juvenile individuals were also monitored
for a short time period during their sub-adult stage (Table S2). Home range size var-
ied between individuals (Figure 1; Table S2; Figure S1). The largest home range was
227,162.4 km2 MCP (Table S2), and was recorded in a sub-adult male condor (ID: TOTO).
The maximum home range estimated by kernel was 114,995.2 km2 KDE 99%; see other
kernel estimations in Table S2.
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Figure 1. Trend throughout the year of home range size for different home range estimators:
(A) Kernel Density Estimator (KDE) of 95% and (B) Kernel Density Estimator (KDE) of 50% of
the contour area.

Our results show that home range size differs between seasons (Tables 1 and S4),
regardless of the estimator used. The home range was larger during warmer months than
during colder months (Figures 1, 2A,B and S1). During the warm season, the maximum
home range found was for a sub-adult male (ID: HECTOR; KDE 95% = 80,087.58 km2; KDE
50% = 10,027.22 km2), while in the cold season the maximum value was for a juvenile
female (ID: BM27B3_b; KDE 95% = 40,265.4 km2; KDE 50% = 6148.2 km2). Our results also
suggest that age affects the MCP and KDE 99% home range (Table S4), with sub-adults
presenting larger home ranges than juveniles (Figures 2C,D, 3 and S2). However, when
using kernel density estimators for the majority and most used areas, i.e., 95 and 50% of
the contour area, this effect depended on the sex of the individuals (Figures 2E,F, 3 and S2;
Table 1), with sub-adult males having the largest home range size (Table 1).
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Table 1. Linear mixed models that evaluate how the home range size Kernel Density Estimator (KDE)
of 95% and 50% of the contour areas of immature Andean condor individuals can be affected by age
(juvenile or sub-adult), sex, season (warm or cold) and the interactions between these variables. The
asterisks show statistically significant results.

Model Variables Est. Value Lower Upper Std. Error t-Value p-Value

KDE 95%

(Intercept) 3.843 3.695 3.991 0.076 50.460 0.000 *
Season (warm) 0.243 0.110 0.377 0.069 3.530 0.001 *
Age (sub-adult) 0.069 −0.108 0.245 0.086 0.796 0.435

Sex (male) −0.094 −0.304 0.116 0.101 −0.930 0.366
Season (warm): Age

(sub-adult) −0.002 −0.146 0.141 0.074 −0.028 0.978

Season (warm): Sex (male) −0.096 −0.215 0.024 0.062 −1.554 0.123
Age (sub-adult): Sex

(male) 0.227 0.017 0.438 0.103 2.211 0.039 *

KDE 50%

(Intercept) 2.977 2.805 3.149 0.088 33.640 0.000 *
Season (warm) 0.305 0.140 0.470 0.085 3.577 0.001 *
Age (sub-adult) 0.205 0.000 0.409 0.100 2.045 0.054

Sex (male) −0.073 −0.315 0.168 0.116 −0.630 0.538
Season (warm): Age

(sub-adult) −0.112 −0.289 0.065 0.092 −1.224 0.223

Season (warm): Sex (male) −0.134 −0.281 0.013 0.076 −1.763 0.080
Age (sub-adult): Sex

(male) 0.245 0.006 0.483 0.117 2.093 0.049 *

3.2. Flight Distances

To estimate hourly flight distances, we obtained 55,871 GPS locations registered at
one-hour intervals. Flight distances were variable between individuals (Figure 4; Table S2).
The maximum distance flown in one hour was 118.7 km, which was recorded in a sub-adult
male condor (ID: HECTOR) during the warm season. Results show that hourly flight
distances differ between ages (Table 2), with sub-adults showing greater hourly distances
than juveniles. Our results also show that the seasons affect the hourly flight distance, but
this effect depends on the sex of the individuals (Table 2). During warm seasons, males fly
the greatest distances in one hour.

From the hourly flight distances obtained, we estimated 2581 daily distances. The
greatest daily distance flown by an immature condor was 302.2 km and was recorded in
a sub-adult male condor during the warm season (ID: HECTOR) (Table S2). The mean
daily distance flown was 80.5 km for all the condors, and 93.7 km was the highest mean
distance in an individual, recorded in a sub-adult male condor (ID: CT4072). Daily flight
distances also differed between seasons (Table 2): the daily distances flown were greater
during warm seasons than cold ones. Moreover, we found differences between ages in the
daily distances flown (Table 2); sub-adult Andean condors made the longest flights.
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Table 2. Linear mixed models that evaluate how the flight distances of immature Andean condor
individuals can be affected by age (juvenile or sub-adult), sex and season (warm or cold) and the
interactions between these variables. The asterisks show statistically significant results.

Model Variables Est. Value Lower Upper Std. Error t-Value p-Value

Hourly
Distance

(Intercept) 2.940 2.805 3.075 0.069 42.746 0.000 *
Season (warm) −0.098 −0.148 −0.047 0.026 −3.781 0.000 *
Age (sub-adult) 0.203 0.085 0.322 0.060 3.371 0.001 *

Sex (male) −0.093 −0.292 0.106 0.096 −0.968 0.343
Season (warm): Age

(sub-adult) −0.015 −0.069 0.040 0.028 −0.527 0.598

Season (warm): Sex (male) 0.081 0.037 0.126 0.023 3.567 0.000 *
Age (sub-adult): Sex

(male) −0.033 −0.199 0.134 0.085 −0.384 0.701

Daily
Distance

(Intercept) 4.528 4.457 4.599 0.036 125.178 0.000 *
Season (warm) 0.219 0.191 0.248 0.014 15.211 0.000 *
Age (sub-adult) 0.137 0.081 0.193 0.028 4.808 0.000 *

Sex (male) 0.038 −0.039 0.115 0.037 1.041 0.312

4. Discussion

We found that immature Andean condors can cover huge areas in flight (up to
438,000 km2, based on MCP home range size estimation) during their immature phase.
They also have an impressive ability to cover large areas in short time periods, being able
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to travel almost 120 km in an hour and more than 300 km in a day. Only one bird covered a
distance of 1350 km north–south in a dispersal period of 33 months; all the tagged birds
(marked in the same place) covered almost 2000 km north–south, which is equivalent to the
distance from Madrid (Spain) to Rome (Italy) or more than the distance from Lima (Peru)
to Quito (Ecuador), as examples.

Most animal species present spatial segregation biased by age, mainly as a consequence
of reproductive status and differences in how they exploit resources [13,14,17,32]. Previous
studies on adult Andean condors reported a maximum home range size of 77,309.2 km2,
calculated by MCPs, and 41,783.1 km2 for the KDE of the 95% contour area [59]. In
our study, the maximum MCP value for an immature condor was almost three times
higher than this (227,162.4 km2), and almost twice as large in the case of the KDE 95%
(72,668.1 km2). Our results also show that sub-adult condors have larger home range sizes
and perform longer hourly and daily flights than juveniles. However, despite having a
smaller home range, adult condors may fly greater distances each day (maximum distance:
349.5 km; mean distance: 152.3 km for the individual who flew the most) [60] than immature
condors (maximum distance: 302.2 km; mean distance: 93.7 km for the individual who flew
the most).

Condors vs. Other Vulture Movements

Differences in movement patterns between the adults and immature individuals of
a species may be explained by the fact that, during the dispersal period, immature birds
usually move more freely, with long trips and erratic movements [1,13]. They explore new
areas, searching for resources without the need to return to the same place (i.e., they are not
tied to a specific territory, such as a breeding area). These differences can also vary within a
category, so the age of the immature birds can also affect their movement patterns [13,17].
Immature Andean condor movement patterns are influenced by age: sub-adult condors
have larger home range areas and make longer flights than juveniles. These results agree
with movement patterns reported in other vulture species. For example, during the first
months of life, fledgling Bearded (Gypaetus barbatus) and Cape vultures (Gyps coprotheres)
present small home ranges and make short flights; with time, they increase the territory
they explore [30,61,62]. Therefore, sub-adult individuals fly large distances, increasing the
size of the area used until they became adults [14,15,63–65].

The sex of individuals is another factor influencing animal dispersal during the im-
mature stage [2,66,67]. In birds, it is common that females disperse more frequently and
farther than males [2,67]. However, this difference has not been reported for vultures,
probably because they are generally monomorphic species [14,68]. However, in a strongly
dimorphic, socially complex species such as the Andean condor, an individual’s use of
space can be affected by its position in the despotic social system. Condors have marked
hierarchies established by sex and age, resulting in an asymmetric pattern of habitat use
and food exploitation [47,69,70]. In this sense, sub-adult males may be perceived by adults
as possible competitors, so they could be forced to disperse early from their natal territories
or from the best foraging and resting areas, in contrast to females and juveniles [71]. More-
over, more tolerance is shown towards females, particularly under adverse conditions, so
females can remain close to natal territories [67,71].

Our results suggest that seasonality has a marked effect on immature Andean condor
movements; during the warmer season, these birds moved more than during the colder one.
The most notable reductions occurred between May and July (winter season in the Southern
Hemisphere). Temporal variations in animal movements can be due to internal and external
factors [72,73]. Common examples of internal and external factors are the reproductive
period and the weather conditions, respectively. Bearded vultures begin the dispersal
period at the same time as a new adult’s reproductive period; at this time, fledglings begin
to make longer flights [30,61]. Similarly, sub-adults increase their movements during this
period, as adults are more prone to defend their territories, forcing them to undertake
longer foraging and exploratory movements [14]. The weather is widely considered in
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vulture movement studies, variations in movements being analyzed according to the
season (e.g., [14,74–77]). In general, summer days are longer and warmer than winter days,
improving flight conditions for soaring bird species like these [68,76,78].

The immature individuals we monitored had huge home ranges that even exceeded
the current records for other vultures worldwide (e.g., [15,32,65,79]). Among non-migratory
species, the maximum value of MCP found was for a sub-adult Bearded vulture
(51,620 km2) [14]; this maximum value only represents 22.7% of the maximum value
found in an immature Andean condor (227,162 km2). Moreover, among the non-migratory
vulture species, the maximum daily flight distance found was 267.4 km for a sub-adult
White-backed vulture [65]; this value is 35 km less than the maximum value estimated
for a sub-adult Andean condor (302.2 km) in this study. To the best of our knowledge,
among immature vultures Andean condors showed the highest values for both home range
and daily flight distances. This could be because Andean condors in Patagonia inhabit
regions where they depend on extensive livestock ranching and wild species, so they
need to cover large areas when foraging [39,40]. Moreover, there has been a decrease in
marine fauna on the Chilean coast, which in the past served as food for these birds. This
may oblige them to make longer trips in search of food—many birds from Chile cross the
Andes Mountains between the two countries to feed on the Argentine Patagonian steppe,
increasing competition for food [39].

5. Conclusions

In this study we describe, for the first time, the movement patterns of immature
Andean condors, which are the most extensive so far reported for vultures worldwide.
This highly valuable information is necessary for a better understanding of the movement
ecology of the species, and its association with, for instance, anthropogenic threats [33]. It
is also relevant to the design of management strategies and conservation action [35,42,80].
The information provided can also be useful for other species that cross national and
international borders, given that conservation action and management policies often differ
between countries [60,81]. Our results suggest that immature condors can fly hundreds
of kilometers in a single day, even crossing national and transnational boundaries during
each flight. This exposes them to multiple threats, as the proportion of time spent in
protected areas is reduced [35,80]. It is evident that protecting this species presents a great
conservation challenge due to its wide-ranging behavior.

Although much is being done to conserve Andean condors throughout their entire
distribution, their populations continue to decline [33]. Several factors are driving this pop-
ulation decline, but the most important seem to be those associated with human activities
that directly or indirectly affect the birds’ survival (e.g., poisoning) [33,82]. Previous studies
have shown the diverse threats this species suffers; however, these articles often focus
on adult individuals (e.g., [45,60,81]). This limits recommendations that can be made for
areas of special interest for the conservation of this species, since these recommendations
only consider the most stable portion of the population, whose movements are more tied
to a territory than those of immature birds. Considering immature individual behavior
within management plans is crucial for effective protection of the reproductive potential
of the species. Taking the movement patterns of immature populations into account in
conservation strategies may improve species management; this is particularly relevant for
populations that are threatened and in decline.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani13071234/s1, Figure S1: Trend throughout the year of home range size for MCP and
KDE99% contour area home range estimators, Figure S2: Differences between sexes and ages by
season for the logarithm of MCP and KDE99% contour area home range, Table S1: Details of tagged
immature Andean condors, Table S2: Description of information and movement parameters of each
immature condor tagged with GPS devices, Table S3: Description of information and movement
parameters of each immature condor tagged by season, Table S4: Linear mixed models evaluating
how home range size of immature Andean condor individuals can be affected by age, sex and season.
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