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1.  INTRODUCTION 

In altricial birds, the post-fledging dependence 
period (PFDP), or the time between fledging and in -
dependence, is a key and vulnerable life-history stage 
that affects the survival probability of the individual, 
determines natal dispersal outcomes and distances, 

and can impact future reproduction (Cox et al. 2014, 
Naef-Daenzer & Grüebler 2016). In species with slow 
life-history strategies, which usually involve invest-
ment in small clutches and delayed breeding, this 
extended parental care may enhance offspring sur-
vival (Russell et al. 2004, Gallego-García & Sarasola 
2025). Thus, describing and examining the processes 
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of animal movement is key to addressing conserva-
tion issues and designing effective management stra -
tegies (Nathan et al. 2008, Morales et al. 2010). How -
ever, knowledge on this subject is scarce for many 
species, especially for those of conservation concern 
and breeding in the Southern Hemisphere (Gallego-
García & Sarasola 2025). 

As with many other life-history traits, the extent of 
the PFDP in birds is highly variable at different scales, 
due to extrinsic drivers such as breeding latitude 
(Russell et al. 2004, Gallego-García & Sarasola 2025), 
food availability (Fattebert et al. 2019, Scherler et al. 
2023), conspecific density (Matthysen 2005), brood 
size (Walls & Kenward 1995), and climatic conditions 
(Delgado et al. 2010), or intrinsic characteristics, such 
as an individual’s body condition at fledging (Ferrer 
1992, Balbontín & Ferrer 2005, Delgado et al. 2010), 
species’ body mass, and migratory strategies of the 
population (Gallego-García & Sarasola 2025), or sex 
(Awade et al. 2017). Concerning body condition at 
fledging, the ontogenic switch hypothesis (OSH; 
Holekamp 1986) states that the start of natal dispersal 
is triggered by the achievement of a specific physical 
condition. Thus, if food is abundant and the young 
reach good condition earlier in life, the date of dis-
persal is ad vanced (Ferrer 1992, Walls & Kenward 
1995, Delgado et al. 2010). For species with sexual 
size dimorphism, the PFDP is usually longer for the 
larger sex (Kenward et al. 1993), as those individuals 
require more time to reach full mobility (Weston et al. 
2018). Furthermore, intra-specific variability in the 
PFDP in volves not only differences in duration but 
also in spatial extent. Recent studies have shown that 
the areas occupied during the PFDP may show indi-
vidual- specific variation. For instance, as happens 
with breeding home range sizes of adult raptors, the 
areas occupied by fledglings during the PFDP may be 
larger when prey abundance (Miller et al. 2017, Gal-
lego et al. 2023) and/or the availability of suitable for-
aging sites are low (Moss et al. 2014). This could be 
mediated by an individual’s body condition (Rémy et 
al. 2011), since better-provisioned young birds may 
be able to travel further during their early life (Ferrer 
1993, Delgado et al. 2010). In addition, given that sex 
has a strong influence on the movement behavior of 
birds in other life cycle stages (e.g. sex-biased dis-
persal; Greenwood 1980), it is likely to affect the areas 
used during the PFDP. On one hand, females in many 
bird species disperse farther than males (Greenwood 
1980, but see McCaslin et al. 2020). Thus, we could 
expect that during the PFDP, the longest-dispersing 
sex would show a similar behavior and occupy larger 
areas. However, since male raptors in sexually size-

dimorphic species take less time to develop their fly-
ing skills (Weston et al. 2018), they could potentially 
explore larger areas than females. Finally, environ-
mental factors such as habitat heterogeneity and 
vegetation cover are also known to influence range 
size at a macroscale level (Mirski et al. 2021) and may 
contribute to variability in spatial use during the 
PFDP. 

Many raptor species worldwide are of conservation 
concern due to declining population trends (McClure 
et al. 2018), thus requiring protection of breeding and 
foraging habitats (Tanferna et al. 2013, Rivers et al. 
2014). Detailed knowledge of the PFDP may provide 
valuable information about the risks that juveniles 
face, and this is particularly important in the case 
of  endangered species, which may face stochastic 
events during their exploratory PFDP (Martens et al. 
2018). Moreover, the analysis of space use during the 
PFDP of juvenile individuals from the same breeding 
territories in different years is relevant to account for 
potential issues related to the scarcity of adequate 
territories for both breeding and foraging in territorial 
raptors, which is a well-known threat to their popula-
tions (Negro et al. 2007, Steenhof et al. 2017). 

This study aims to describe and analyze the PFDP of 
an Endangered neotropical raptor, the Chaco eagle 
Buteogallus coronatus, using accurate location data 
and novel, unbiased, statistical methodologies. Spe-
cifically, we (1) determine the duration of the PFDP, 
(2) calculate the size of the total ranging areas during 
this period, (3) estimate the ranging area overlap 
between juveniles of successive years born in the 
same breeding territory, and (4) document variation 
in the duration and ranging areas of the PFDP as a 
function of sex, ecoregion, and body condition. We 
hypothesized that sex, habitat features, and body 
condition would affect the duration and ranging areas 
of the PFDP. First, the extent of the PFDP in males 
would be shorter, possibly due to a faster develop-
ment of flight skills, which would allow them to 
occupy larger ranging areas than females (Weston et 
al. 2018). Second, since the Chaco eagle prefers open 
habitats for hunting (Sarasola et al. 2022), variation in 
the availability of clear-cuts would induce ecore-
gional differences in the area occupied during the 
PFDP. Third, individuals with better body condition 
would disperse earlier, in accordance with the OSH 
(Holekamp 1986), and occupy larger areas due to 
their enhanced physical abilities (Weston et al. 2018), 
but we expected such responses to vary according to 
sex and ecoregion. Additionally, we predicted that 
juveniles born at the same breeding site but in differ-
ent years would show a high overlap in their ranging 
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areas due to a scarcity of preferred breeding and for-
aging sites (Negro et al. 2007, Fandiño & Pautasso 
2013, Sarasola et al. 2022). 

2.  MATERIALS AND METHODS 

2.1.  Study species 

The Chaco eagle is a large neotropical raptor that is 
listed as Endangered by the International Union for 
the Conservation of Nature (IUCN) (Sarasola et al. 
2018, BirdLife International 2024). This bird of prey 
ranges from southern Brazil, Paraguay, and Bolivia to 
northern Patagonia in Argentina, with a global pop-
ulation estimated at less than 2000 reproductive indi-
viduals (Birdlife International 2024). The species is 
considered to be extirpated from Uruguay, with no 
recorded sightings since the 1930s (Azpiroz & Cortés 
2014), and has suffered population declines and range 
contractions in other regions, primarily due to an -
thro pogenic pressures. In addition to 
habitat loss, which has caused a sig -
nificant reduction and degradation of 
forested habitats and a shortage of 
potential breeding and foraging sites 
(Bellocq et al. 1998, Fandiño & Pau-
tasso 2013), the main sources of mor-
tality for Chaco eagles include direct 
persecution (Sarasola et al. 2010, Bar-
bar et al. 2016), electrocution on power 
lines (Galmes et al. 2018, Sarasola et al. 
2020, 2022), and drowning in water res-
ervoirs devoted to cattle ranching 
(Sarasola et al. 2022). 

However, despite its critical conser-
vation status and the spatial predict-
ability of the types of human infras-
tructures that threaten its populations, 
it is a little-known species with no data 
on adult home range size or the areas 
occupied by juveniles during the 
PFDP (Sarasola et al. 2022, but see 
 Gallego-García et al. 2025). The Chaco 
eagle lays only one egg per repro -
ductive attempt (Galmes et al. 2018, 
Sarasola et al. 2022), so there is no 
between-sibling variability in the 
extent of the PFDP typical of species 
with larger broods (Ramos et al. 2019), 
simplifying the assessment of environ-
mental factors affecting its behavior 
during the PFDP (Gallego-García & 

Sarasola 2025). The occurrence of pair substitutions 
and breeding territory changes across years in this 
species is not uncommon (Canal et al. 2025). 

2.2.  Study area 

The study was carried out in central Argentina, 
along the temperate-arid ecoregions of Espinal and 
Monte Desert and the ecotone landscapes between 
them (Busso & Fernández 2018) (Fig. 1). Within the 
Espinal ecoregion, vegetation types include decidu-
ous xerophytic forests dominated by caldén Neltuma 
caldenia, grassy savannahs, and bushy steppes. These 
vegetation types often coexist in heterogeneous 
patches, typically comprising a mixture of arboreal, 
shrub, and grassy strata. Typical vegetation in the 
Monte Desert ecoregion is represented by commu-
nities of high shrub-steppe (characterized mainly by 
Larrea spp.), where grassy and arboreal strata are ves-
tigial, with some isolated trees of algarrobo Ceratonia 
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Fig. 1. Chaco eagle Buteogallus coronatus study area. Regional (provincial) 
limits are marked with continuous black lines, with the names of the provinces 
provided. Shaded areas mark the ecoregions (darker grey: Espinal; lighter 
grey: Monte Desert). Points (both black and white) indicate the location of the 
breeding territories where the juvenile eagles were born (Espinal, n = 13; 
Monte Desert = 6). White points indicate the breeding territories where more 
than one Chaco eagle juvenile was born and tagged in different years (n = 6)
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siliqua and chañar Geoffroea decorticans. In both 
ecoregions, the climate is temperate arid, with mean 
annual temperatures of 15°C and high temperatures 
in summer (up to 45°C), when most of the scarce rain-
fall occurs. Annual rainfall ranges between 80 and 
300 mm in the Monte Desert and 300–550 mm in the 
Espinal (Busso & Fernández 2018). 

2.3.  Individual sex determination and  
body condition assessment 

As part of a long-term research and conservation 
program of the Chaco eagle in the area, we searched 
for, identified, and monitored active nests of this 
 species by interviewing landowners and rural wor -
kers, traversing and exploring off-road sites, and sur-
veying candidate trees using drones (Sarasola et al. 
2010, Gallego & Sarasola 2021). Before young eagles 
fledged from the nest, we extracted a 1 ml blood sam-
ple from the brachial vein for sex determination using 
molecular procedures (Ellegren & Sheldon 1997). We 
also measured body weight (g) and wing chord (cm) 
using a digital scale and a steel ruler (Labocha & 
Hayes 2012). The residuals of the reduced major axis 
(RMA) regression between body weight and the wing 
chord were used as a body condition index (BCI) at 
fledging (Green 2001, Sarasola et al. 2004). Finally, 
we standardized raw residuals for representation and 
analysis by subtracting the average of the residuals 
from each residual and dividing the difference by the 
standard deviation of the residuals. 

2.4.  Duration and ranging areas of the PFDP 

Young Chaco eagles were tagged with solar-
 powered GPS-satellite transmitters or platform trans-
mitter terminals (PTTs) (Microwave Telemetry) at the 
time of sampling. These transmitters were set to 
record one location per hour during the daylight 
period (i.e. from 08:00 to 21:00 h), allowing for the 
continuous monitoring of their locations and move-
ments through the ARGOS satellite system. The 
weight of the transmitters (70 g) accounted for less 
than 5% of the average body weight of the eagles 
(3000–3500 g; Sarasola et al. 2022). The GPS data 
were stored on the movebank.org online platform and 
then extracted and edited using R (R Core Team 
2024). We first assigned the individual date of fledg-
ing (i.e. day 0 of the PFDP) by looking at the loca-
tions  of the GPS fixes (we discarded less-accurate 
ARGOS–Doppler locations) relative to the nest site 

during the first days after tagging; when this distance 
exceeded 50 m, we determined that the juvenile had 
started its PFDP (Krüger & Amar 2017, Gallego-
 García et al. 2025). 

Next, we followed the method proposed by Gallego-
García et al. (2025) of sequential comparison of 
weekly ranging areas to determine the end of the 
PFDP and, thus, the onset of dispersal. Specifically, 
we calculated weekly ranging areas (95% estimator) 
from fledging for each individual using autocorre-
lated kernel density estimation (AKDE; Fleming et al. 
2015) in the ‘ctmm’ package (Calabrese et al. 2016). 
This package models the autocorrelation structure of 
tracking data by using Ornstein-Uhlenbeck foraging  
(OUF) or Ornstein-Uhlenbeck (OU) models, and 
therefore performs more accurate predictions of the 
home range than traditional kernel density estima-
tion (KDE) methods (Calabrese et al. 2016, 2021), 
which usually un derestimate the home range areas 
(Fleming et al. 2015). Outliers were visually detected 
using ‘ctmmweb’ (Calabrese et al. 2021), and we 
removed those that had unusual speeds (i.e. over 
80 km h–1, since similar resident eagles do not exceed 
this speed; Sur et al. 2020). Whenever the ratio 
between the ranging area of one week over that of the 
previous week reached 20 times, we considered that 
the juvenile had ended its PFDP (Gallego-García et 
al. 2025) (Fig. 2). This method provides more accurate 
and standardized estimations on the onset of dis-
persal than previously suggested techniques, and it is 
very useful for little-known species for which adult 
movement patterns are unknown. 

For the whole PFDP and for each juvenile, we calcu-
lated the total ranging areas occupied (95% esti-
mator) (Börger et al. 2008). Then, since some of them 
were born in the same territory but in different years, 
and to assess the consistency of utilization of ranging 
areas by juveniles of different years, we used the func-
tion ‘overlap’ in the ‘ctmm’ package to analyze the 
proportion of area used by a sibling that matched that 
of the others born in the same territory. 

2.5.  Statistical analysis 

We modeled the extent of the PFDP (in days) and 
the size of the ranging areas (in km2) separately as a 
function of sex (male, female), individual BCI, and 
biome (ecoregion) of the natal territory (Monte 
Desert, Espinal), including the interactions of BCI 
with sex and biome. All response variables followed a 
normal distribution of residuals (Shapiro-Wilk nor-
mality test, p > 0.30 in both cases). Some juveniles 
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shared the same natal site or territory. However, since 
we have no genetic data for the years when this study 
was done to determine whether they were related 
(siblings or half-siblings in the case of an adult turn-
over) or unrelated, we included the natal territory as a 
random variable. For these analyses, we used general-

ized linear mixed models (logit link function) using 
the ‘lme4’ package (Bates et al. 2015). We used auto-
mated model selection with the MuMIn package 
(Bartoń 2009), and models were compared based on 
Akaike’s information criterion adjusted for small sam-
ple size (AICC; Burnham & Anderson 2004). If candi-
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Fig. 2. Ratio of the ranging area of one week divided by that of the previous one of the 27 GPS-tagged Chaco eagle Buteogallus 
coronatus juveniles that completed their post-fledging dependence period (PFDP), over time (in weeks). Dotted grey horizon-
tal line: threshold ratio used to determine the onset of dispersal (i.e. ratio ≥ 20) according to Gallego-García et al. (2025). The 
weeks fulfilling the conditions established in this method to detect the onset of dispersal (or the end of the PFDP) are labelled. 
Individual #114055b died before ending its PFDP, although it had surpassed the average duration of the PFDP of this popula-
tion. Individual #74397b did not fulfill the condition ‘ratio ≥ 20’, although it was close (17.33), so we used visual analyses to  

confirm that the individual had dispersed
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date mo dels had DAICC ≤ 2, they were considered to 
be equally plausible given the data. Unless otherwise 
indicated, results are presented as mean ± SD. All 
ana lyses were carried out using R (R Core Team 2024), 
and the maps were created using QGIS (QGIS.org 
2023). 

3.  RESULTS 

We GPS-tracked 29 juvenile Chaco eagles from 19 
breeding sites (Fig. 1). The natal site (and surround-
ing area) of one of the juveniles was burnt soon after it 
started the PFDP, so its unusually extensive ranging 
area was not considered in the analysis. However, the 
duration of its PFDP was not an outlier and, thus, that 
information was used in the analysis. In addition, for 
the analyses of ranging areas, we used data from a 
juvenile individual that died very close to finishing its 
PFDP (with respect to the average of this population), 
but not for the analysis of the extent of the PFDP. Two 
other individuals provided sufficient information for 
an analysis of the area of overlap between eagles born 
in the same territories, but not for the total ranging 
areas or  the extent of the whole PFDP. We used an 
average of 3339  ± 442 location points of 29 Chaco 
eagle  fledglings. 

3.1.  Duration of the PFDP 

The mean date of fledgling for Chaco eagles was 
8  February (±12 d, n = 29), and the mean date of 
the  onset of dispersal was 15 October (±15  d, n = 
26). The mean duration of the PFDP of Chaco eagle 
juveniles was 247.81 ± 13.27 d (n  = 26). The best 
model to explain the variation in the 
duration of the PFDP of the Chaco 
eagle juveniles included sex, biome, 
BCI, and the in teractions of body con-
dition with sex and biome (Table 1). 
The PFDP lasted for a longer time in 
females (250.63 ± 14.55 d; n = 16) 
than in males (243  ± 9.98 d, n = 10) 
(Table  2). The PFDP was longer for 
individuals born in the Espinal ecore-
gion (249.19 ± 15.68 d, n = 16) than in 
the Monte Desert ecoregion (245.60 ± 
8.41 d, n = 10) (Table 2). In addition, 
earlier dispersal was associated with a 
higher BCI only for fe males (Fig. 3A) 
and for individuals in the Espinal 
ecoregion (Fig. 3B). 

3.2.  Ranging areas and area overlap 

The mean ranging area (95% AKDE) of Chaco eagle 
juveniles during the PFDP was 309.73 ± 166.69 km2 
(n = 26). The best model to explain the variation in the 
ranging areas of the Chaco eagle juveniles during the 
PFDP included sex, biome, BCI, and the inter actions 
of body condition with sex and biome (Table 1). Rang-
ing areas were larger for males (334.27 ± 168.67 km2, 
n = 10) than for females (294.39 ± 169.09 km2, n = 16) 
(Table 2). In addition, ranging areas during the PFDP 
were larger for those juveniles that were born in 
the Espinal ecoregion (354.28 ± 156.01 km2, n = 15) 
than for those born in the Monte Desert ecoregion 
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Model                                           df      AICC      DAIC          w 
 
PFDP duration                                                                            
Biome × BCI + Sex × BCI       8      185.5         0.00      0.824 
Biome × BCI + Sex                    7      190.6         5.08      0.065 
Biome + Sex + BCI                   7      190.7         5.20      0.061 
Biome × BCI                                6      192.6         7.07      0.024 
PFDP ranging area                                                                    
Biome × BCI + Sex × BCI       8      283.4         0.00      0.990 
Sex × BCI + Biome                    7      293.2         9.81      0.006 
Biome × BCI + Sex                    7      295.8       12.43      0.002 
Sex × BCI                                     6      300.9       17.49      0.001

Table 1. Model selection results of generalized linear mixed 
models (GLMMs) explaining the variation in the duration (in 
months) and in the ranging areas (95% AKDE; autocorre-
lated kernel density estimation) of the post-fledging depen-
dence period (PFDP) of juvenile Chaco eagles Buteogallus 
coronatus in central Argentina (n = 26 individuals). The top 
4 models for each response variable (PFDP duration and 
ranging area) are shown. Sex: male or female; biome of the 
natal site: Espinal or Monte Desert; BCI: body condition  

index

Fixed effects                                              Duration of                   Ranging areas  
                                                                        the PFDP                        (AKDE 95) 
                                                                Estimate          SE           Estimate         SE 
 
Sex: male                                                –4.45            5.13            76.89           62.77 
Biome: Monte Desert                          –4.71            8.46        –74.46           82.74 
BCI                                                         –10.08          25.61      –160.44         345.70 
(Sex: male) × BCI                               –24.08          33.38          706.66         409.17 
(Biome: Monte Desert) × BCI            24.76          35.59        –14.84         458.17

Table 2. Coefficient estimates and SEs for each parameter from the top models 
explaining the variation in the duration (d) and in the ranging areas (AKDE: 
autocorrelated kernel density estimations, km2) of the post-fledging depen-
dence period (PFDP) as a function of sex (male or female), biome (Espinal or 
Monte Desert), body condition index (BCI), and the interactive effects of BCI 
with sex and biome, of GPS-tagged juvenile Chaco eagles Buteogallus corona-
tus in central Argentina (n = 27 individuals). Coefficient estimates for sex are  

relative to female; coefficient estimates for biome are relative to Espinal
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(248.97 ± 168.39 km2; n = 11) (Table 2). The positive 
relationship between BCI and ranging areas was more 
marked in males than in females (Fig. 3C) and had an 
opposite effect on individuals living in the Espinal 
ecoregion (Fig. 3D). Lastly, the area covered by young 
eagles during the PDFP was not correlated with the 
time they spent until natal dispersal began (Pearson’s 
coefficient = 0.176, p = 0.40). 

For 6 breeding territories, we obtained information 
on the duration and ranging areas of PFDP for at least 
2 individuals and years (range: 2–4 juveniles per 
breeding territory, n = 19; Fig. 4). For these individ-
uals, the values of ranging area overlap were high, 
with some exceeding 95% (0.90 ± 0.08, range: 0.69–
1.00; Fig. 4). 

4.  DISCUSSION 

This is the first study to assess the spatial and tem-
poral dynamics of the PFDP in the Chaco eagle, 
including environmental and individual drivers of 
variation. Our findings reinforce the importance of 
intrinsic (sex and body condition) and extrinsic (rang-
ing area ecoregion) factors in shaping the duration 
and areas used by juvenile Chaco eagles during this 
critical stage of their life cycle. Additionally, we dis-

covered a high similarity of areas used 
by juveniles that were born in the same 
breeding territory during their PFDP 
in  different years, which highlights the 
strength of some environmental fac-
tors (e.g. habitat features) over others 
that would vary yearly (e.g. primary 
productivity, prey abundance). 

4.1.  Duration of the PFDP 

Our results confirm that juveniles of 
this Endangered raptor depend on 
their parents for a prolonged time, 
spanning around 8 mo. As expected for 
a slow-developing species, this stra -
tegy may enhance juvenile survival 
(Martin 2015, Lloyd & Martin 2016) 
and compensate for its small clutch 
sizes and low reproductive outcomes 
(Martin 2014, Sarasola et al. 2022). The 
duration of the PFDP is key to achiev-
ing an appropriate body condition and 
learning the skills needed for dispersal 
and survival. Thus, the potential cost of 

early dispersal can be high, particularly for long-lived 
species such as resident eagles. In this case, Chaco 
eagle juveniles have some years to prepare for their 
first reproductive attempt and therefore do not need 
to hastily leave their natal areas (Cramp & Simmons 
1980, Gallego-García & Sarasola 2025). The PFDP in 
the Chaco eagle is longer than that of other raptors 
with similar body weights that breed at the same lati-
tudes of the Northern Hemisphere (e.g. residents 
such as the Spanish imperial eagle Aquila adalberti, 
the wedge-tailed eagle A. audax, and migrants such as 
the eastern imperial eagle A. heliaca), but shorter than 
the African crowned-eagle Stephanoaetus coronatus, 
which breeds at lower latitudes (Gallego- García & 
 Sarasola 2025). These findings highlight the influence 
of extrinsic and intrinsic drivers of variation in the ex-
tent of the PFDP at both species and individual levels 
and underscore the need for further research into this 
poorly understood life-history stage in birds (Russell 
et al. 2004, Gallego-García & Sarasola 2025). Addi -
tionally, we documented that the onset of juvenile dis-
persal occurred at the start of the breeding season, 
which is consistent with previous studies of large-
 bodied raptors (López-López et al. 2014, Krüger & 
Amar 2017). The Chaco eagle starts its breeding sea-
son before the beginning of austral spring (i.e. egg-
laying occurs during October; Galmes et al. 2018, 
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Fig. 3. Final linear mixed-effects models explaining the variation in (A,B) the 
duration and (C,D) the ranging areas (autocorrelated kernel density estima-
tions) of the post-fledging dependence period (PFDP) compared to the body 
condition index of GPS-tagged juvenile Chaco eagles Buteogallus coronatus. 
Red and blue colors in (A) and (C) represent females and males, respectively, 
while dark green (Espinal) and violet (Monte Desert) colors in (B) and (D)  

represent natal biomes



Sarasola et al. 2022), which aligns with the timing of 
juvenile dispersal observed in this study. 

The PFDP was longer for young Chaco eagles with 
poorer body conditions, which is consistent with the 
OSH (Holekamp 1986, Walls & Kenward 1995). Spe-
cifically, this finding suggests that individuals that 
reach a specific physical condition depart the natal 
area to benefit from the advantages of early dispersal, 
such as having more time to explore potential ter -
ritories for breeding. Furthermore, the PFDP was 
longer in females, which is consistent with other 
studies (Kenward et al. 1993, Weston et al. 2018, but 
see Scherler et al. 2023) and is probably related to the 
slower development of flight skills of young females 
(or longer ontogenic phase, sensu Weston et al. 2018). 
Indeed, the larger sex needs more resources and time 
to develop (Kenward et al. 1993, Ducatez & Field 2021, 
Gallego-García & Sarasola 2025), and the sex that es-
tablishes the territories is usually driven to depart 
their natal areas first due to a scarcity of resources 
(Martens et al. 2018). If male Chaco eagles were the 
ones establishing the territories, then the fact that 

they disperse earlier overall (and irrespective of their 
body condition) would make sense, as opposed to fe-
males, which need to be in a better body condition in 
order to end their PFDP earlier (but see Hemery et al. 
2023). However, given that Chaco eagles are esti ma -
ted to reach sexual maturity at 4–5 yr of age (Sarasola 
et al. 2022), the adaptive advantage of early dispersal 
remains unclear. Furthermore, there is no information 
on which sex establishes the reproductive territories 
in this species. 

Additionally, juvenile Chaco eagles born in the 
Monte Desert ecoregion exhibited shorter PFDPs 
compared to those from the Espinal ecoregion. As no 
direct ecological or behavioral explanation is immedi-
ately apparent for this difference, further investiga-
tion is warranted to identify the underlying factors 
influencing earlier independence in juveniles from 
the less structurally complex Monte Desert ecore-
gion. The fact that body condition at fledging only 
affects the duration of the PFDP of individuals born 
in  the Espinal ecoregion, but not that of those born 
in  the Monte Desert ecoregion, deserves further 
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Fig. 4. Ranging areas (95% AKDE) of juvenile Chaco eagles Buteogallus coronatus during their post-fledging dependence 
period (PFDP) in (A–C) Espinal and (D–F) Monte Desert, the 6 breeding sites or territories where more than one Chaco eagle  

fledgling was born and tagged in different years (i.e. white points in Fig. 1)



Gallego-García et al.: Post-fledging dependence period of an endangered raptor 201

 habitat quality and food availability analyses. For 
instance, poorly provisioned juveniles have been 
known to delay dispersal due to reduced competitive-
ness  (Fattebert et al. 2019, Scherler et al. 2023). 

4.2.  Ranging areas during the PFDP 

Young Chaco eagles in better body condition occu-
pied larger ranging areas, a fact that has already been 
shown during the dispersal phase. Young individuals 
in good physical condition tend to travel longer dis-
tances during their early life, probably due to more 
efficient flight performance (Ferrer 1993, Delgado et 
al. 2010, Rémy et al. 2011). In addition, male Chaco 
eagles occupied larger areas than females during the 
PFDP. At first, this result could be seen as unexpec -
ted, since females often disperse farther than males in 
most bird species (Greenwood 1980); thus, the move-
ments inside the natal area during the PFDP should 
resemble those during dispersal. However, faster 
developmental rates (and flying skill acquisition) of 
males would also enable them to explore larger areas 
during the course of their PFDP (Weston et al. 2018). 
In fact, higher movement activity of males during the 
PFDP has already been described for golden eagles 
A. chrysaetos (Zimmermann 2021), although the cau -
ses of this behavior are not clear. Additionally, we 
cannot discard a possible sex-mediated difference in 
foraging spatial strategies and/or flight perform-
ances in varied environmental conditions, due to sex 
differences in morphology and wing loading charac-
teristics (see Clay et al. 2020), which might explain 
why BCI has a more pronounced effect on the ranging 
areas of males than on those of females. 

Juvenile Chaco eagles born in the Monte Desert 
ecoregion had smaller ranging areas than those born 
in the Espinal ecoregion. Home range size is closely 
related to food supply and access (Marzluff et al. 1997, 
Clouet et al. 1999, Gallego et al. 2023). Chaco eagles 
are large, soaring raptors that are known to prefer 
open woodlands and savannahs for hunting (Sarasola 
et al. 2022). We expect that eagles living in the Espinal 
ecoregion, an area with denser woodlands and thus 
less availability of potential areas for hunting (or ‘key 
areas’, sensu Mirski et al. 2021), need a larger home 
range to compensate for this limited food access 
(Marzluff et al. 1997, Tucker et al. 2019). This behavior 
is also consistent with other species worldwide (Moss 
et al. 2014, Gallego et al. 2023) but has rarely been 
studied for juveniles during the PFDP (Zimmermann 
2021). Last, the unexpected and opposing effects of 
body condition on the ranging areas across ecoregions 

warrant further investigation, particularly through the 
exploration of alternative hypotheses at a microhabitat 
scale. Factors such as the availability of perches or ar-
tificially generated open patches (e.g. areas resulting 
from forest clear-cutting) may play a critical role. As 
with other large eagles, the Chaco eagle’s foraging 
strategy is probably related to perch-hunting (or sit-
and-wait) rather than flight-hunting (see Rudebeck 
1950, Nadjafzadeh et al. 2016), so a lower availability 
of hunting perches would potentially cause the rang-
ing areas of the Chaco eagles to increase. 

4.3.  Overlap in ranging areas by juveniles  
born in the same territory 

Ranging areas during the PFDP of juveniles born in 
the same breeding territory but in different years 
had a high degree of overlap. A possible explanation 
could link the coincidence of ranging areas to an 
absence (or scarcity) of adequate habitat, which is a 
common factor limiting the populations of birds and 
raptors (Newton 1998, Negro et al. 2007) and a proven 
threat for Chaco eagle populations (Fandiño & Pau-
tasso 2013, Sarasola et al. 2022). Alternatively, this 
overlap during successive years may mean that the 
ranging areas are heavily affected by habitat or other 
time-persistent characteristics (e.g. food abundance) 
that make them repeatable by Chaco eagles year after 
year, irrespective of climate conditions or individual 
relatedness. Given that breeding pair substitutions 
among Chaco eagles are not unusual (Canal et al. 
2025), this finding highlights this species’ strong 
range consistency during the PFDP. 

4.4.  Conservation implications 

More than half of all raptor species worldwide are 
currently showing declines in global populations and 
high sensitivity to anthropogenic threats (McClure et 
al. 2018). Most species show a high mortality rate dur-
ing the PFDP (Wiens et al. 2006, Cox et al. 2014, Naef-
Daenzer & Grüebler 2016), and preliminary data sug-
gest that the Chaco eagle is no exception (authors’ 
unpubl. data). Therefore, a better understanding of 
post-fledging ranging areas and the drivers of their 
variation is crucial for the implementation of effective 
conservation policies (Morrison & Wood 2009, Ser-
rano 2018, Gallego-García & Sarasola 2025). 

Traditionally, raptor research and conservation ef -
forts have primarily focused on breeding home range 
areas and nest sites (e.g. Tanferna et al. 2013). How -



Endang Species Res 58: 193–204, 2025

ever, our study highlights the need to protect areas 
used by Chaco eagle juveniles during their first 
months of life, well after fledging (i.e. after the repro-
ductive season). Any measure to protect this threat-
ened bird of prey should be extended in space (bey-
ond breeding areas) and time (not only focusing on 
the breeding season) to ensure the long-term conser-
vation of this and any other endangered bird species 
(Ramos et al. 2019). 

Furthermore, the pronounced range consistency 
ob served among Chaco eagles in this study high-
lights the urgent need for targeted research and con-
servation initiatives aimed at identifying and miti -
gating the main causes of anthropogenic mortality 
affecting this Endangered species. The vulnerability 
of Chaco eagle populations to habitat fragmentation 
and loss (Fandiño & Pautasso 2013), electrocution in 
power line pylons (Sarasola et al. 2020), and drowning 
in water reservoirs (Sarasola et al. 2022) should be 
taken into account when designing effective conser-
vation plans to ensure the long-term persistence of its 
populations. 

4.5.  Future research 

Apart from the aforementioned drivers of variation 
found in our study, we encountered high inter-
 individual differences in the timing of dispersal and in 
the ranging areas used during the PFDP. It is well 
known that individual decisions affect the movements 
patterns within a given population (Spiegel et al. 
2017). These differences may induce changes in move-
ment behavior and may be mediated by specific envi-
ronmental characteristics of the natal areas at different 
scales (Fattebert et al. 2019, Spatz et al. 2022) or by 
other intrinsic attributes, such as personality (Patrick 
et al. 2017). Similar to other studies, we assumed that 
body condition was constant during the PFDP. Future 
work could accommodate temporal variation in body 
condition to better understand the factors shaping the 
PFDP in this species. We therefore advocate for a more 
detailed investigation into the complex, interactive 
 effects of environmental and intrinsic variables on the 
development of this understudied life-history stage in 
raptors. Such knowledge will be critical for improving 
conservation strategies that aim to mitigate the chal-
lenges these species currently face. 
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