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Abstract

Cutting-edge technologies are extremely useful to develop new workflows in studying ecological
data, particularly to understand animal behavior and movement trajectories at the individual level.
Although parental care is a well-studied phenomenon, most studies have been focused on direct
observational or video recording data, as well as experimental manipulation. Therefore, what
happens out of our sight still remains unknown. Using high-frequency GPS/GSM dataloggers and
tri-axial accelerometers we monitored 25 Bonelli's eagles Aquila fasciata during the breeding
season to understand parental activities from a broader perspective. We used recursive data,
measured as number of visits and residence time, to reveal nest attendance patterns of biparental
care with role specialization between sexes. Accelerometry data interpreted as the overall dynamic
body acceleration, a proxy of energy expenditure, showed strong differences in parental effort
throughout the breeding season and between sexes. Thereby, males increased substantially their
energetic requirements, due to the increased workload, while females spent most of the time on
the nest. Furthermore, during critical phases of the breeding season, a low percentage of suitable
hunting spots in eagles’ territories led them to increase their ranging behavior in order to find food,
with important consequences in energy consumption and mortality risk. Our results highlight the
crucial role of males in raptor species exhibiting biparental care. Finally, we exemplify how
biologging technologies are an adequate and objective method to study parental care in raptors as
well as to get deeper insight into breeding ecology of birds in general.
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Cutting-edge tracking technologies have facilitated progress in stud- energetic requirements (e.g., Laich et al. 2011; O’Mara et al. 2019),
ies about animal movements and behavior (e.g., Kays et al. 2015; and conservation (e.g., Berger-Tal and Lahoz-Monfort 2018;
Lopez-Lopez 2016; Tucker et al. 2018; Wang 2019), physiology and Katzner and Arlettaz 2020). However, key aspects of the life history
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of organisms such as parental care remain poorly investigated by
means of tracking technologies (but see Kavelaars et al. 2018). In
this regard, biologging technologies provide an exceptional set of
tools to gain deeper insight into the complex behavioral responses of
animals that are eventually expressed as parental care.

Parental care can be considered any activity carried out by
progenitors to increase the survival and biological fitness of their
offspring, regardless of any cost to the parents (Clutton-Brock 1991;
Royle et al. 2012). In the case of birds, the majority of the species
exhibit biparental care (Lack 1968), with both sexes contributing to
chick rearing (Cockburn 2006). Nonetheless, the sort and amount
of care effort could differ between sexes (Webb et al. 2010;
Goymann et al. 2016), some of them as a consequence of size di-
morphism (Schoenjahn et al. 2020), age (Moller and Nielsen 2014),
and phylogenetic affiliation (Cockburn 2006). This cooperation has
a synergistic effect on the offspring’s biological fitness, particularly
when there is sex-biased task specialization, leading the progeny to a
better chance of survival (Pilakouta et al. 2018). However, parental
care implies high individual cost for the parents, shrinking their fit-
ness with an evolutionary trade-off between current breeding suc-
cess and parents’ future condition (Trivers 1972; Nur 1988;
Clutton-Brock 1991; but see Williams 2018). In consequence, the
more parental investment the more energy parents are expected to
spend, because feeding the offspring is a demanding task due to an
increase in ranging effort and traveling costs (Royle et al. 2012),
which ultimately results in a conflict between offspring and parents
and between both parents (Clutton-Brock 1991). Therefore, linking
energy expenditure on a fine spatial and temporal scale to parental
activities is vital to understand how parents take behavioral
decisions during the breeding season.

Nowadays, the development of tri-axial accelerometers
combined with high-frequency GPS dataloggers provides informa-
tion on 3 spatial axes (i.e., heave, sway, and surge) for each input
of movement that can be used to compute the amount of energy
required for movement (Stothart et al. 2016; Lear et al. 2017).
Although parental care is a phenomenon well documented in the
literature (e.g., Royle et al. 2012; Kokko 2018), parental care stud-
ies have been traditionally done using focal sampling methods (i.e.,
direct observations) (e.g., Arroyo et al. 1976; Pérez-Mellado et al.
1977; Martinez et al. 2020), video recording (Sonerud et al. 2014;
Keeley and Bechard 2017), and radio-tracking methods (Muriel
et al. 2015; Maury et al. 2020). In the case of birds, field observa-
tions provide important information such as prey items delivered
to the offspring, nest, and chick attendance, and incubation time-
budgets (van Rooij and Griffith 2013; Wagner et al. 2019).
However, visual observations are limited by the amount of people
recording behavior and usually result in imperfect monitoring
effort during short time periods and/or limited sample size. The
same happens with video recordings, which do not take into
account the surroundings of the focal area, typically the nest. In
contrast, GPS dataloggers allow monitoring of several individuals
in an unbiased and continuous way, compensating thus for the fact
that an observer only can track a few individuals for a bounded
period of time in a restricted space. Notwithstanding, very few
studies have used GPS telemetry to study parental care on birds so
far (Brown et al. 2013; Kavelaars et al. 2018; Austin et al. 2019;
Sotillo et al. 2019) and only one study used this technology with
raptors to study foraging strategies during the breeding season
(Hernandez-Pliego et al. 2017). Hence, to the best of our know-
ledge, despite the advent of GPS/ACC telemetry, tri-axial acceler-
ometry has been ignored to further investigate parental care in

raptors. In addition, new tools to analyze recursive movement pat-
terns allow assessing the repetitive use of specific locations like
nesting sites or other places of ecological relevance (Berger-Tal and
Bar-David 2015; Bracis et al. 2018). Recursive analysis of move-
ment trajectories allows gauging the amount of parental invest-
ment by each individual throughout the entire breeding season by
analyzing the temporal and spatial patterns of revisitation.
Thereby, revisitation analyses provide new insights into the life
history of individuals and, ultimately, useful information for
management and conservation (Bracis et al. 2018).

Here, we studied ranging behavior, energy expenditure, and nest
attendance, considered as the recursive movement pattern, of a
long-lived endangered raptor, the Bonelli’s eagle Aquila fasciata,
during the breeding season by means of high-frequency GPS/GSM
telemetry. Our main goal was to describe and quantify sex-biased
task specialization and energy expenditure patterns in parental care
investment between sexes and across different periods of the breed-
ing season. In particular, we aim to respond 2 questions: (i) how
does the daily time at nest (i.e., residence time), daily travel distance,
and overall energy expenditure differ between males and females
during the different stages of the breeding season?; and (ii) are there
differences between sexes in the relative energy expenditure per
breeding stage? As other raptors of similar size, the Bonelli’s eagle is
a slightly reversed size dimorphic bird of prey that shows biparental
care. Thereupon, we hypothesize that a role diversification between
both sexes should be expected (Newton 1979; Cramp and Simmons
1980), with females spending more time in the nest while males act
as providers, hunters, and deliver prey to the nest. Under this scen-
ario, we would expect a compensation of efforts, with different time
and resource allocation as a result of sex differences in role behav-
ior. Males should spend most of the time away from the nest and
thus would need larger energy requirements related to the move-
ments if compared with females. On the other hand, as eagles need
high prey detectability areas in order to find food, we hypothesize
that male individuals living in less suitable territories must expend
extra energy during the most demanding periods of breeding season
(i.e., incubation and chick-rearing).

Material and Methods

Study area

The study area was located in eastern Spain, including northern
Valencia and southern Castellon provinces. Eagles’ breeding territo-
ries were located inside the Natura 2000 protected areas and their
surroundings, comprising Sierra Calderona and Sierra de Espadan
Natural Parks (from 40°09'N to 39°36'N and from 0°44'W to
0°05’E), the more coastal parts of the Iberian System. The area cov-
ers approximately 1,600 km?, from sea level to 1,106 m above sea
level. The climate is Mediterranean, with mean temperatures during
the breeding season varying from 17°C (coastal areas) to 8°C in the
inner highlands. Geologically, the study area stands out for its red
sandstones and limestones, which includes an abrupt landscape with
a considerable number of hills, which are suitable for nesting eagles.
Furthermore, the study area, and particularly the surroundings, is a
highly human populated area that results on periodic patterns of dis-
turbance of wildlife due to recreational activities (Perona et al.
2019). Moreover, there is an extensive network of power lines,
roads, and other artificial infrastructures that represent a potential
source of mortality. Further details on description of the study area
are available in Lopez-Lopez et al. (2007).
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Study species

The Bonelli’s eagle is a long-lived resident raptor distributed across
the Paleartic, Indo-Malayan, and, to a lesser extent, across the Afro-
tropical regions (Ferguson-Lees and Christie 2001). It inhabits
coastal regions and mid-altitude mountain areas throughout the
Iberian Peninsula, which holds 60% of the European population
(Del Moral and Molina 2018). Unlike other large eagles such as the
Golden eagle Aquila chrysaetos or the Spanish Imperial eagle Aquila
adalberti, its range overlaps many urban areas across the
Mediterranean region (Munoz et al. 2005; Carrascal and Seoane
2009). Consequently, the species has experienced an important
population decline due to human pressure including habitat degrad-
ation, direct persecution by shooting and poisoning, and presence of
artificial infrastructures, such as power lines, which comprise one of
the main mortality risks for this species (Chevallier et al. 2015).
The species is legally listed as Vulnerable in Spain (Royal Decree
139/2011) and as Endangered according to IUCN National Red
List due to rapid reduction in important areas of its breeding range
(Real 2004).

The Bonelli’s eagle is a dimorphic bird of prey with females being
slightly larger than males. Previous studies have described biparental
care for this species with a sex-biased specialization in parental
tasks, with females taking more care of the nest and males focusing
on providing prey (Pérez-Mellado et al. 1977; Martinez et al. 2020),
similar to other large raptors (Margalida et al. 2007; Bassi et al.
2017). Although this species shows strong annual fidelity to its terri-
tory (Martinez-Miranzo et al. 2016), it is vulnerable to changes in
prey availability (Martinez-Miranzo et al. 2019). Therefore, it is of
vital importance to enhance our understanding of the behavioral
patterns during the breeding season to improve its delicate conserva-
tion status.

Monitoring

Overall, 25 territorial Bonelli’s eagles, 12 females and 13 males,
from 12 different territories were trapped by means of a folding net
remotely triggered at distance between 2015 and 2018 (Table 1).
Both individuals of each territory were captured at the same time
(except for territory #5 where only the male was captured). In case
of death of one of the members of the pair, we captured the replac-
ing individual as well. All individuals were tagged with 48 g solar-
powered GPS/GSM dataloggers (e-obs GmbH, Munich, Germany)
using a tubular Teflon wing-harness in a backpack configuration.
Transmitters did not represent more than 3% of individuals’ weight
(average = 2.25%, sd = 0.38%) to avoid negative effects on
behavior (Kenward 2001). Age was estimated based on plumage
characteristics during individual manipulation (Forsman 2016).
Transmitter’s duty cycle was programmed to record locations and
tri-axial accelerometry (33.3Hz) at 5 min interval from 1 h before
sunrise to 1 h after sunset throughout the breeding season. Only
individuals who carried out breeding (including success and failure
until the day of failure) were considered in this study. Data were
stored in the online data repository Movebank and filtered and man-
aged using R version 3.6.1 (R Core Team 2019).

In order to account for temporal variations in space use over the
entire breeding period, we divided the data into 4 different periods:
(i) courtship, (ii) incubation, (iii) chick-rearing, and (iv) post-
fledging. Courtship was considered from 1 January to the actual egg
laying day (obtained by means of the combination of fieldwork
observations and tracking information including accelerometry).
Then, we considered an average span of incubation of 39 days from
egg laying to hatching date (Gil-Sanchez 2000). We considered an
average of 63days after hatching as the “chick-rearing period”
(Cadahia et al. 2008). Finally, the “post-fledging period” was

Table 1. Summary information of 25 territorial Bonelli's eagles tracked by GPS/GSM telemetry in Eastern Spain from 2015 to 2019

Individual Territory Tagging date Sex Breeding season Number of locations
1 A 19 May 2015 M 2016 29,910
2 A 19 May 2015 F 2016—2017—2018-2019 118,415
3 A 31 January 2017 M 2017—2018—2019 81,111
4 B 6 October 2015 M 2016 29,235
5 B 6 November 2015 F 2016 29,621
6 B 11 April 2017 F 2019 30,319
7 C 28 October 2015 M 2016—2017—2018 88,397
8 C 28 October 2015 F 2016—2017—2018 66,532
9 D 29 October 2015 M 2016-2017 46,750
10 D 29 October 2015 F 2016-2017 47,170
11 E 8 June 2016 M 2018-2019 58,222
12 E 18 May 2017 F 2018-2019 59,494
13 F 6 June 2016 M 2018-2019 59,195
14 G 13 September 2017 M 2018 12,107
15 G 6 June 2017 F 2018 12,067
16 H 20 April 2017 M 2018 12,665
17 H 6 October 2016 F 2018 8,636
18 I 7 October 2016 M 2017 27,782
19 I 7 October 2016 F 2017 27,300
20 ] 5 June 2017 M 2018-2019 50,830
21 J 14 June 2017 F 2018-2019 58,982
22 K 11 July 2017 M 2019 57,828
23 K 11 July 2017 F 2019 55,426
24 L 17 May 2018 M 2019 29,880
25 L 17 May 2018 F 2019 29,063

Notes: The number of locations correspond to a 5-min tracking span. Breeding years correspond to each one of the breeding seasons computed. M, male; F,

female.



60

Current Zoology, 2022, Vol. 68, No. 1

considered from fledging until 1 July, as this is the date when all
chicks in our dataset had fledged.

Movement data analysis and space use

In order to calculate the amount of parental care, we recorded the
daily number of revisits and the time spent at the nest. Revisitation
analyses were conducted using the R package “recurse” (Bracis et al.
2018). This package computes revisitation metrics for trajectory
data. In particular, we considered a radius of 25 m around nest
exact location each year (to account for GPS nominal error) and a
threshold of 10 min of time difference to exclude excursions outside
this radius (Bracis et al. 2018).

Energy expenditure associated with the movement of individuals
was calculated from tri-axial accelerometry data as the overall dy-
namic body acceleration (ODBA). Accelerometry information was
recorded at 5-min intervals every day during the breeding season,
registering in the 3 different axes (x, v, and z) the amount of move-
ment which can be interpreted as the amount of effort used in flight
and movement activities. Thus, we calculated daily ODBA as the
sum of ODBA values of the 3 axes using the “ACCstats” function
implemented in the “moveACC” R package (Scharf 2018). Raw ac-
celeration data were transformed into physical unit “g” (Laich et al.
2011). ODBA can be considered a proxy of energy expenditure
(Gleiss et al. 2011; Qasem et al. 2012; Spivey and Bishop 2013)
since it is positively associated with oxygen consumption and carbon
dioxide production (Wilson et al. 2006; Laich et al. 2011) and the
mechanical work produced by muscles and internal organs (Gleiss
etal. 2011; Bishop et al. 2015).

To estimate space use at the individual level, we computed daily
traveled distance as the sum of all step-length segments (i.e., distance
between 2 subsequent GPS location fixes) recorded within a day
using the “amt” R package (Signer et al. 2019). Then, we obtained
home range area from each breeding phase (i.e., courtship, incuba-
tion, chick-rearing, and post-fledging). Home range areas and cor-
respondent isopleths were obtained from the 95% kernel density
estimation (KDE) by using “rhrKDE” function of the “rhr” R pack-
age (Signer and Balkenhol 2015).

Space use and energy expenditure can vary in relation to prey
availability within each territory regardless of the stage of the breed-
ing season. Moreover, different habitat features can influence prey
detectability by raptors (Ontiveros et al. 2005). Hence, to account
for the influence of prey detectability on space use and energy ex-
penditure during the breeding period, we calculated a prey detect-
ability index and prey richness for each land cover class of the
CORINE land cover (CORINE 2018) within each territory (esti-
mated as the 95% kernel contour). Prey richness was calculated as
the presence of main prey species of Bonelli’s eagle for each land-
cover type, including rock pigeon Columba livia, common wood pi-
geon Columba palumbus, stock dove Columba oenas, red-legged
partridge Alectoris rufa, and European rabbit (Oryctolagus cunicu-
lus) following Lopez-Lopez et al. (2011) habitat suitability models.
Eagles prefer open habitats for hunting (Ontiveros et al. 20035),
including grasslands, cereal crops, and low-height scrublands
(Martinez et al. 2014). In contrast, forests, intensive crops, and
some artificial areas were considered as closed land. Thus, we
assigned a detectability value for each land-cover type of CORINE
(2018) according to these habitat characteristics of the study area in
QGIS 3.8.2. Unavailable, closed, semi-closed, semi-open, and open
Corine Land Cover Classes (CLCs) were assigned a value of 0 (i.e.,
null detectability), 0.25 (low detectability), 0.50 (medium detectabil-
ity), 0.75 (high detectability), and 1 (full detectability), respectively.

A detailed table of prey detectability values and habitat suitability
for each type of prey in each CLC is available as Supplementary
Table S1.

We finally related each home range 95% isopleth (with the cor-
respondent number of fixes) to the layers of prey detectability and
prey richness by intersecting them in QGIS 3.8.2. Then, we obtained
the proportion of locations on each land-cover pixel with corres-
pondent detectability and richness values per individual/breeding
phase, calculating the percentage of those locations that correspond
to detectability values >0.5, considering them as favorable “hunting
spots” in subsequent analyses (Ontiveros et al. 2005).

Statistical analysis

We used generalized linear mixed models (Zuur et al. 2009) to: (i)
analyze the variation in the number of “revisits” and “residence
time” at nest in relation to “daily ODBA,” “daily traveled dis-

» « »

tance,” “sex,” “age,” and “period”; and (ii) to investigate the effect
of prey detectability on space use measured as “hunting spots.” In
the first case, “daily ODBA,” “daily traveled distance,” and
“hunting-spots” were entered in the models as continuous covariates
while “sex,” “age,” and “period” were coded as factors. In addition,
in the prey detectability model, “age” and “period” were entered as
fixed factors to account for potential variations on space use due to
intrinsic and external factors, respectively. We considered
“territory,” “individual,” and “year” as random factors. “Year”
was considered nested inside “individual” and the latter nested into
“territory” in order to account for non-independence of data
(Harrison et al. 2018). Overall, we built 16 different models for

»

each response variable “revisits,” “residence time,” and “hunting
spots.” We built 5 simple models for each fixed factor and the rest
as a result of different combination of additive fixed factors. Models
were computed by using “glmer” function implemented in the pack-
age “lme4” for R (Bates et al. 2014).

We calculated the Akaike’s information criterion (AICc) cor-
rected for small sample size (Akaike 1974) to select the most parsi-
monious model for each scale (Burnham and Anderson 2002;
Johnson and Omland 2004). We ranked models using AICc and
selected the best one according to the lowest AIC, value (Sakamoto
et al. 1986). Following Symonds and Moussalli (2011), we con-
ducted model averaging among the best models (i.e., models differ-
entiating less than 2 AIC. units) in order to assess the relative
contribution of each independent factor by means of the R package
“MuMIn” (Barton 2018). To account for the effect of multiple com-
parisons, we computed corrected P-values using the Benjamini-—
Hochberg multiple comparisons procedure for controlling the false
discovery rate (Benjamini and Hochberg 1995). Statistical signifi-
cance was set at o < 0.05. All computations were done in R version
3.6.1.

Results

Overall, 41 individual-breeding events (accounting for an individual
breeding or attempting to breed in 1 year) were used in this study.
Eagles were tracked on average 266 = 180days for females and
268 *= 151 days for males. The total number of GPS locations at 5-
min interval was 1.126.937, accounting for 170.67 * 44.84 GPS
locations per day for females and 171.40 = 46.56 GPS locations per
day for males. Breeding success, computed as the percentage of suc-
cessful pairs divided by pairs initiating reproduction, was 73% in
2016, 45% in 2017 and 2018, and 90% in 2019, whereas the
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productivity was 1.75 fledged chicks per territory in 2016, 1.60 in
2017, 1.00 in 2018, and 1.56 in 2019 for the tracked individuals.

The best model for residence time was the additive model with
all fixed factors (ODBA, daily travel distance, period, sex, and age),
whereas the best model for revisits did not include age (Table 2).
Our results show strong negative significant effects on residence
time for ODBA (Table 3), which means that the more energy
expended on a day the less time eagles spend in their nest. Besides,
similar results were found for daily travel distance as a measure of
ranging behavior, which suggest that the more distance ranged the
less time eagles spent in the nest, linking ODBA and ranging behav-
ior (Figure 1). Conversely, although ODBA and daily travel distance
showed significant relationships with the number of visits to the
nest, the effect of daily travel distance was slightly positive, thus
greater revisitation rates were associated with longer distances trav-
eled. In contrast, the effect of ODBA on nest revisitation rates was
negative (Table 3).

Strong differences in residence time were found between both
sexes. Males had a strong negative effect on residence time if com-
pared with females. The same result was found for the revisitation
analysis, which means that males spent a lesser amount of time at
the nest as well as fewer visits than females (Table 3 and
Supplementary Figures S1 and S2). In fact, females spent on average
1.35+3.81h per day during courtship, 10.57 =10.73h per day
during incubation, 5.50 + 6.80 h per day during chick-rearing, and
1.12 = 2.88h per day during post-fledging periods at the nest. In
contrast, males spent on average 0.28 * 1.06 h per day during court-
ship, 0.44 = 1.01 h per day during incubation, 0.57 = 1.56 h per day

Table 2. Model selection of the best GLMMs according to AlCc

Value Model df AIC AAIC: AIC,
Revisits
ODBA + DD + 10 21531.7 0.00 0.65
Period + Sex
ODBA + DD + 11 215329 1.24 0.35
Period + Sex + Age
ODBA + DD + 9 21555.2 23.46 0.00
Period
ODBA + Period 8 21831.3 299.57 0.00
Period 7 21850.4 318.74 0.00
Residence time
ODBA + DD + 12 93191.0 0.00 0.98
Period + Sex + Age
ODBA + DD + 11 93199.5 8.48 0.01
Period + Sex
ODBA + DD + 10 93222.4 3132 0.00
Period
ODBA + Period 9 93495.1 304.05 0.00
Period 8 93799.1 608.04 0.00
Hunting spots  Age + Period + 11 423.93 0.00 0.98
ODBA + DD +
ODBA*DD
Period + ODBA + 10  431.39 7.46 0.02
DD + ODBA*DD
ODBA + DD 6 446.98 23.05 0.00
Age + ODBA + DD 8§ 448.01 24.08 0.00
+ ODBA*DD
Age + Period 8 458.21 34.28 0.00

Notes: Only models with less than 2 units of AAIC: were chosen for further
analysis. DD, daily distance; df, degrees of freedom; AIC,,, Akaike weight.
Significant values (i.e., P < 0.05) are higlighted in bold.

during chick-rearing, and 0.52 = 1.72 h per day during post-fledging
periods at the nest. In sum, females spent more time on the nest dur-
ing the incubation period, whereas males spent more time during the
chick-rearing period.

On the other hand, we found important differences between
sexes in energy expenditure. Males expended more energy measured
as ODBA throughout the breeding season. In fact, females shrink en-
ergy expenditure related to movements from the courtship to incu-
bation, reaching minimum values during the latter, whereas males
tended to increase ODBA until the post-fledging period (Figure 1).
On average, males daily accumulated ODBA values were
13.67 £ 5.42 g during courtship, 15.98 = 6.72 g during incubation,
17.42 = 5.79 g during chick-rearing, and 14.90 = 4.24 g during the
post-fledging period. However, females’ ODBA values were on
average 11.07*=4.75g during courtship, 9.69*=5.73g during
incubation, 16.11 * 6.54 g during chick-rearing, and 16.20 + 5.29¢g
during the post-fledging period.

Furthermore, we recorded sex differences in the relationship be-
tween residence time and ODBA. Males spent the same time at the
nest every day across the breeding season no matter the amount of
energy expended, whereas females spent a considerable number of
hours at nest on days with less energy expenditure (Figure 2A); this
difference between sexes seems to disappear with high energy ex-
penditure. Similar results were observed between time at the nest
and daily travel distance (Figure 2B), where males’ values were al-
ways lower than females.

Regarding the relationship between visits, ODBA, and daily
travel distance, males’ values were generally smaller than female val-
ues. Females and males showed similarly stable numbers of nest vis-
its as a function of distance traveled (Figure 2C, D). However, it is
worth noting that with accumulated ODBA per day higher than
30 g, the number of visits shrank for females (Figure 2C).

Eagles showed different behavior throughout the breeding sea-
son (Table 3). We found strong positive effects for residence time
and revisits for incubation and chick-rearing periods, indicating that
eagles spent on average much more time at the nest in those periods
(Figure 3A, B). Eagles consumed more energy during the chick-
rearing period, with increases in both ODBA values and daily travel
distance (Figure 1). Similar results were found for the number of vis-
its to the nest, with a considerable decrease in the number of visits
during the post-fledging period (Table 3 and Figure 3C, D).

Models of prey detectability showed that territories with high
percentages of good hunting spots were positively correlated to daily
traveled distance (Table 3). Energy expenditure was negatively
correlated with the proportion of adequate habitat for hunting,
meaning that in territories with high percentage of favorable hunting
spots eagles had less energy expenditure (Table 3). Besides, the per-
centage of use of areas within the territory with high prey detectabil-
ity changed throughout the breeding season. Consequently, the
relationship between detectability and energy expenditure was only
negative during the incubation and chick-rearing period (Figure 4).

Discussion

Based on a data-driven approach, this study sheds light on parental
activities of a long-lived vertebrate from the perspective of energy
expenditure by means of a cutting-edge technology. Combined GPS/
GSM and accelerometry information enable a continuous 24 h/365
days intensive monitoring that provides daily information about the
position, movement trajectories, and behavior of several pairs at the
same time including both males and females. To the best of our
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Table 3. Generalized linear mixed model (GLMM) results of variation in residence time at the nest and revisits taking into account the energy
expenditure (ODBA), ranging behavior (daily distance), breeding season period (courtship, incubation, chick-rearing, and post-fledging),

and age (adult/subadult)

Value Variable Estimate Std. error Statistic Conf. Low Conf. High P-value

Residence time ODBA —24.986 6.050 —4.130 —36.843 -13.129 <0.001
Daily distance —-55.950 3.834 —14.595 —63.464 —48.436 <0.001
Sex (male) —208.415 44.230 —4.712 —295.103 —121.726 <0.001
Period (post-fledging) 66.037 10.900 6.058 44.673 87.401 <0.001
Period (incubation) 263.528 9.204 28.631 245.488 281.568 <0.001
Period (chick-rearing) 173.749 8.542 20.340 157.006 190.491 <0.001
Age (subadult) —32.621 67.128 —0.486 —-164.190 98.948 0.626

Revisits ODBA —-0.076 0.016 —4.612 —0.098 —0.054 <0.001
Daily distance 0.171 0.011 15.743 0.156 0.186 <0.001
Sex (male) —0.844 0.120 —7.061 —1.005 —0.683 <0.001
Period (post-fledging) —0.148 0.041 -3.585 —0.204 —0.093 <0.001
Period (incubation) 0.757 0.028 26.719 0.719 0.795 <0.001
Period (chick-rearing) 0.749 0.027 28.101 0.713 0.785 <0.001
Age (subadult) 0.175 0.202 0.868 -0.097 0.447 0.383

Hunting spots ODBA —0.555 0.411 —1.348 —1.108 —0.001 0.063
Daily distance 0.215 0.131 1.641 0.039 0.392 0.003
Age (subadult) 12.414 5.986 2.074 4.357 20.471 0.063
Period (incubation) —3.575 1.280 —2.794 -5.297 —1.853 <0.001
Period (chick-rearing) —6.745 1.692 —-3.987 -9.022 —4.468 <0.001
Period (post-fledging) -9.925 1.858 —5.343 —12.425 —7.425 <0.001
ODBA*Daily distance —0.001 0.006 -0.192 —-0.010 0.007 0.847

Notes: Significant values after Benjamini and Hochberg (1995) correction are highlighted in bold.
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Figure 1. Daily ODBA and daily travel distance throughout the breeding sea-
son by sex. 95% confidence intervals around the non-parametric locally
weighted scatterplot smoothing are shown in gray. Marked periods are based
on average dates, from left to right: courtship, incubation, chick-rearing, and
post-fledging.

knowledge, this is the first study using high-frequency data in com-
bination with high-resolution tri-axial accelerometry to study paren-
tal care activities in raptors using recursive analysis. In contrast to
observational studies, data recorded by GPS/GSM/ACC are not lim-
ited to certain periods of time during the day and to single sites (e.g.,
nests) depending on field effort. In this regard, the increasing avail-
ability of high-quality telemetry data opens new avenues of research
in the field of behavioral ecology that still remain poorly under-
stood. Interestingly, our results suggest an important role
partitioning between both sexes, with the female taking far more
care than the male in the nest during incubation and chick-rearing
and decreasing effort as the breeding season progresses. Our study
also highlights the effort of males far away from the nest, which is
usually neglected in parental care studies, providing supporting
evidence for a role specialization model.

Residence time can be mainly related to incubation, protection,
and nest-attendance. Incubation task implies an energetic trade-off
between the energy needs of the incubating adults and the energy
requirements for egg development (Bulla et al. 2015). Incubation
changeovers and temporary nest desertions are used by females to
feed themselves and contribute new material to the nest in order to
control temperature and to avoid the proliferation of ectoparasites
(Margalida et al. 2007; Ontiveros et al. 2008; Martinez et al. 2020).
However, our results reveal that the time spent by the male at the
nest is generally scarce throughout the breeding season (Figure 2
and Supplementary Figure S1). This suggests that the female carries
out almost all the incubation and egg turning as well as other tasks
for chick-rearing. Moreover, in agreement with the reverse size
dimorphism theory, the presence of the female in the nest would be
favored to provide major protection to the nestlings due to its larger
body size (Schoenjahn et al. 2020). Large raptors tend to take large
prey, which cannot be swallowed by the nestlings and need to be
processed by an adult (Newton 1979; Cramp and Simmons 1980;
Sonerud et al. 2013). The larger time spent in the nest by females
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Figure 2. Sex differences in energy expenditure and ranging effort in relation to residence time and number of revisits to the nest. 95% confidence intervals are
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implies that this task is executed by them, even if the prey has been
captured and delivered by the male (Sonerud et al. 2013, 2014). In
the particular case of Bonelli’s eagles, similar to other raptors, the
male usually delivers the food to the female either in the nest or in
its surroundings (Martinez et al. 2020). For example, the probability
of prey being directly delivered by a male to 10-day-old nestlings
has been reported as lower than 10% in Eurasian Kestrel Falco tin-
nunculus (Sonerud et al. 2013). As most of these events take place
away from the nest or take place in very short time intervals (usually
less than a minute), recursive analyses would not count them as
visits by the male and would partially explain the difference in num-
ber of visits recorded in both sexes. If both parents hunt and feed the
nestlings, we would expect a spatial-temporal conflict in feeding
assistance as well as uncoupled chick-rearing activities (Sonerud
et al. 2014). To avoid that, a division of tasks between sexes that
prevent disengaged nest attendance and foraging activities would be
expected (Sonerud et al. 2013, 2014). This seems to be the case in
the Bonelli’s eagle. Time spent on the nest decreased as the breeding
season progressed (Figure 2). Our results show that the residence
time was significantly lower during the later stage of the chick-
rearing period as well as once chicks have fledged (Figure 3). During
the first steps of the breeding season, the presence of an adult is ne-
cessary to protect both the eggs and chicks from low temperatures
and potential predation by other birds (Margalida et al. 2007).
Once the nestlings can thermoregulate and increase energy require-
ments, parents need to intensify hunting activity, and thereby
females spend more time away from the nest assisting males,
increasing their activity consequently (Figure 1). As for the residence
time, the number of visits was significantly higher during incubation
and chick-rearing periods, decreasing during the post-fledging
period (Supplementary Figure S2). Overall, females were more
active in visiting the nest than males even if the female remained

much more time on it than males. Visits can be related to food provi-
sioning and maintenance tasks of the nest such as providing new ma-
terial during the pre-laying period but also during incubation and
chick-rearing. Bonelli’s eagles build their nest mainly on cliffs and
rarely on trees (Cramp and Simmons 1980). Nest structure can be
damaged by the activities of chicks and adults and inclement wea-
ther conditions (Margalida et al. 2007) and such damage can cause
chick mortality due to nest collapse.

As expected, energy expenditure showed strong differences be-
tween sexes (Figure 1). Interestingly, males spent much more energy
on average than females throughout the breeding season (Figure 2)
and this situation was recurrent along our dataset (Supplementary
Figure S3). This supports the role specialization in parental tasks
provided that ODBA and daily travel distance were negatively
related to residence time and number of revisits (Table 3). Many ob-
servational studies of parental care focusing only on nest activities
tend to underrate the activity of males. This bias increases in studies
with limited sample size and where researchers’ observations are
limited to certain periods of time during the day (see e.g., Martinez
et al. 2020). However, our study shows that males compensate for
the short time spent in direct nest-attendance and chick-rearing
activities by spending more time in hunting and ranging activities.
Hence, the distance traveled, computed as daily travel distance, was
higher (Figure 1 and Supplementary Figure S4). Moreover, the lon-
ger the traveled distance the higher the energy consumption
(Figure 1). Increasing energy expenditure implies more area ranged
which can be explained because males usually act as providers, hunt-
ing most of the time while females remain in the nest. Feeding the
nestlings can be considered a demanding task that can result in a
conflict between parents and offspring (Royle et al. 2012), due to an
increase in the home-range and traveling costs (Sokolov et al. 2014).
While some authors disagree with the assumption that parental care
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requires a sustained high-intensity activity that could result in strong
negative physiological consequences to the parents (Williams 2018),
our results of daily ODBA (Figure 1 and Supplementary Figure S3)
show a similar outcome to the generally predicted workload for al-
tricial birds as discussed in Williams (2018).

Energy expenditure increased as the breeding season progressed
being maximal during the chick-rearing period (Figure 1 and
Supplementary Figure S3). During incubation, females decreased
substantially their activity to remain in the nest, which was compen-
sated with a stronger effort by males. During the chick-rearing
period, females started to increase their activity in order to assist
males with foraging activities. Conversely, both parents decreased
energy expenditure during the post-fledging period, with female
ODBA values higher on average than males. The latter decreased en-
ergy expenditure probably to recover from the intense effort spent
during previous stages of the breeding cycle. Nevertheless, this out-
come was not consistent in all territories (Supplementary Figure S1)
suggesting that different individuals choose different strategies,
maybe depending on the experience (although we did not find sig-
nificant differences in age) or territory quality.

The increase of traveled distance was directly linked with an in-
crease in the home range area. Raptors defend a well-established
territory throughout the annual cycle, but ranging behavior
depends on resource availability and they may need to change
home range use in order to find prey (Martinez-Miranzo et al.
2016). This is particularly evident in our study area, densely cov-
ered by pine forests, particularly in the inner areas, where eagles
have limited access to hunting habitats. Eagles ranged more distant
as the breeding season advanced in order to find prey, particularly
in low-quality territories where prey availability was low. In fact,
our results revealed a correlation between energy expenditure and
the percentage of favorable hunting spots in eagles’ territories
(Figure 4). This means that eagles lengthen their home range in
order to find hunting spots where prey availability and prey detect-
ability is easier. This result has a side effect for conservation, since
an increase in home range as a consequence of limited prey avail-
ability or caused by human disturbance (Perona et al. 2019) could
lead eagles to abandon protected areas to forage in areas where the
risk of mortality is higher (Pérez-Garcia et al. 2011), eventually
increasing their energy expenditure.

In conclusion, this study exemplifies how biologging technolo-
gies, and particularly the incorporation of tri-axial accelerometry
metrics such as ODBA, are an adequate and objective method to
study parental care in raptors as well as to get deeper insight into
breeding ecology of birds in general. Further studies incorporating
transmitters’ calibration measurements in order to correct energy
expenditure metrics, as well as those considering species-specific
and individual variation in flight types throughout the day, will
provide further insight into the trade-offs in energy allocation dur-
ing key phases of the life-cycle of organisms such as the one here
exemplified (i.e., parental care during breeding). Finally, inasmuch
as transmitters become miniaturized, future studies will address
key questions in behavioral ecology with the full range of bird spe-
cies, and not only the larger ones that can be currently tracked.

Authors’ Contribution

A.M.P.; O.E.-C., and P.L.-L. conceived the ideas, designed the meth-
odology, and collected the data. A.M.P., O.E.-C., and J.M.E. ana-
lyzed the data. A.M.P. wrote the first draft and P.L.-L. wrote the

final version of the manuscript. All authors contributed critically to
the drafts and gave final approval for publication.

Data Availability Statement

All data used in this study are publicly available upon request to
data managers in the online data repository Movebank (www.move
bank.org), project ‘Bonelli’s eagle University of Alicante Spain’ (pro-
ject ID = 58923588), and project ‘Bonelli’s eagle University of
Valencia Spain’ (project ID = 193515984).

Acknowledgments

The authors would like to thank F. Garcia, J. Giménez, V. Garcia, J. De la
Puente, A. Bermejo, M. Montesinos, J.M. Lozano, M. Aguilar, M.A.
Monsalve, F. Cervera, J. Crespo, M. Vilalta, M. Surroca, T. De Chiclana, S.
Ferreras, C. Garcia, E. Mondragon, T. Camps, M. Marco, and V. Agusti for
their help in fieldwork and eagles trapping. Special thanks to J. Jiménez, J.A.
Gomez, C. Torres, J.M. Gil, and M. Masia of the regional government
(Generalitat Valenciana) for their help with this project. They would also like
to thank S. Oppel and two anonymous reviewers that made valuable com-
ments that improved the original manuscript.

Funding

This work was supported by Red Eléctrica de Espana, Iberdrola Foundation,
and Wildlife Service of the Valencian Community Regional Government
(Conselleria d’Agricultura, Desenvolupament Rural, Emergéncia Climatica i
Transici6 Ecologica, Generalitat Valenciana, Spain). A.M.P. and ].M.E.
were supported by predoctoral grants of the University of Valencia
[Grant Number 0113/2019] and the Basque Government [Grant Number
PRE_2018_2_0112], respectively.

Supplementary Material

Supplementary material can be found at https://academic.oup.com/cz.

Conflict of Interest

Authors declare that no conflict of interest exists.

References

Akaike H, 1974. A new look at the statistical model identification. IEEE
Trans Automat Contr 19: 716-723.

Arroyo B, Bueno JM, Pérez-Mellado V, 1976. Biologia de reproduccion de
una pareja de Hieraaetus fasciatus en Espana Central. Donana Acta Verteb
3:33-45.

Austin RE, De Pascalis F, Arnould JP, Haakonsson J, Votier SC et al., 2019. A
sex-influenced flexible foraging strategy in a tropical seabird, the magnifi-
cent frigatebird. Mar Ecol Progr Ser 611: 203-214.

Barton K, 2018. Package MuMIn: multi-model inference. R package version
1.42.1 (https://CRAN.R-project.org/package=MuMIn).

Bassi E, Trotti P, Brambilla M, Diana F, Sartirana F et al., 2017. Parental
investment in two large raptors breeding in a high prey density area.
J Ornithol 158: 549-559.

Bates D, Michler M, Bolker B, Walker S, 2014. Fitting linear mixed-effects
models using Ime4. arXiv preprint arXiv:1406.5823.

Benjamini Y, Hochberg Y, 1995. Controlling the false discovery rate: a prac-
tical and powerful approach to multiple testing. J R Stat Soc B 57: 289-300.

Berger-Tal O, Bar-David S, 2015. Recursive movement patterns: review and
synthesis across species. Ecosphere 6: 1-12.

Berger-Tal O, Lahoz-Monfort JJ, 2018. Conservation technology: the next
generation. Conserv Lett 11: €12458.


https://academic.oup.com/cz/article-lookup/doi/10.1093/cz/zoab010#supplementary-data
https://academic.oup.com/cz/article-lookup/doi/10.1093/cz/zoab010#supplementary-data
https://academic.oup.com/cz/article-lookup/doi/10.1093/cz/zoab010#supplementary-data
http://www.movebank.org
http://www.movebank.org
https://academic.oup.com/cz/article-lookup/doi/10.1093/cz/zoab010#supplementary-data
https://academic.oup.com/cz
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn

66

Current Zoology, 2022, Vol. 68, No. 1

Bishop CM, Spivey R], Hawkes LA, Batbayar N, Chua B et al., 2015. The
roller coaster flight strategy of bar-headed geese conserves energy during
Himalayan migrations. Science 347: 250-254.

Bracis C, Bildstein KL, Mueller T, 2018. Revisitation analysis uncovers spa-
tio-temporal patterns in animal movement data. Ecography 41: 1801-1811.

Brown DD, Kays R, Wikelski M, Wilson R, Klimley AP, 2013. Observing the
unwatchable through acceleration logging of animal behavior. Anim
Biotelem 1: 20.

Bulla M, Cresswell W, Rutten AL, Valcu M, Kempenaers B, 2015. Biparental
incubation-scheduling: no experimental evidence for major energetic con-
straints. Behav Ecol 26: 30-37.

Burnham KP, Anderson Dr 2002. Model Selection and Multimodel Inference:
A Practical Information-Theoretic Approach. 2nd edn. New York, NY:
Springer.

Cadahia L, Lopez-Lopez P, Urios V, Negro JJ, 2008. Estimating the onset of
dispersal in endangered Bonelli’s Eagles Hieraaetus fasciatus tracked by sat-
ellite telemetry: a comparison between methods. Ibis 150: 416-420.

Carrascal LM, Seoane J, 2009. Factors affecting large-scale distribution of the
Bonelli’s eagle Aquila fasciata in Spain. Ecol Res 24: 565-573.

Chevallier C, Hernandez-Matias A, Real J, Vincent-Martin N, Ravayrol A et
al., 2015. Retrofitting of power lines effectively reduces mortality by electro-
cution in large birds: an example with the endangered Bonelli’s eagle. J.
Appl. Ecol 52: 1465-1473.

Clutton-Brock TH, 1991. The Evolution of Parental Care. Princeton
University Press.

Cockburn A, 2006. Prevalence of different modes of parental care in birds.
Proc R Soc B Biol Sci 273: 1375-1383.

Cramp S, Simmons K, 1980. The Birds of the Western Palearctic. Vol. 2.
Oxford University Press.

Del Moral JC, Molina B, 2018. El dguila perdicera en Espana, poblacion
reproductora en 2018 y método de censo. Madrid, Spain: SEO/BirdLife [in
Spanish]

Ferguson-Lees J, Christie DA, 2001. Raptors of the World. Houghton Mifflin
Company.

Forsman D, 2016. Flight Identification of Raptors of Europe, North Africa
and the Middle East. Bloomsbury Publishing.

Gil-Sanchez JM, 2000. Efecto de la altitud y de la disponibilidad de presas en
la fecha de puesta del aguila-azor perdicera (Hieraaetus fasciatus) en la pro-
vincia de Granada (SE de Espana). Ardeola 47: 1-8.

Gleiss AC, Wilson RP, Shepard EL, 2011. Making overall dynamic body accel-
eration work: on the theory of acceleration as a proxy for energy expend-
iture. Methods Ecol Evol 2: 23-33.

Goymann W, Safari I, Muck C, Schwabl I, 2016. Sex roles, parental care and
offspring growth in two contrasting coucal species. R Soc Open Sci 3:
160463.

Harrison XA, Donaldson L, Correa-Cano ME, Evans ], Fisher DN et al.,
2018. A brief introduction to mixed effects modelling and multi-model in-
ference in ecology. Peer] 6: e4794.

Hernandez-Pliego ], Rodriguez C, Del’Omo G, Bustamante J, 2017.
Combined use of tri-axial accelerometers and GPS reveals the flexible forag-
ing strategy of a bird in relation to weather conditions. PLoS ONE 12:
e0177892.

Johnson JB, Omland KS, 2004. Model selection in ecology and evolution.
Trends Ecol Evol 19: 101-108.

Katzner T, Arlettaz R, 2020. Evaluating contributions of recent
tracking-based animal movement ecology to conservation management.
Front Ecol Evol 7.

Kavelaars MM, Stienen E, Matheve H, Buijs RJ, Lens L et al., 2018. GPS
tracking during parental care does not affect early offspring development in
lesser black-backed gulls. Mar Biol 165: 87.

Kays R, Crofoot MC, Jetz W, Wikelski M, 20135. Terrestrial animal tracking
as an eye on life and planet. Science 348: aaa2478.

Keeley WH, Bechard MJ, 2017. Nesting behavior, provisioning rates, and par-
ental roles of Ferruginous Hawks in New Mexico. | Raptor Res 51:
397-408.

Kenward RE, 2001. A Manual for Wildlife Radio Tagging. Academic Press.

Kokko H, 2018. Parental Effort and Investment. The International
Encyclopedia of Anthropology.

Lack DL, 1968. Ecological Adaptations for Breeding in Birds. New York
(USA): Barnes & Nobel.

Laich AG, Wilson RP, Gleiss AC, Shepard EL, Quintana F, 2011. Use of over-
all dynamic body acceleration for estimating energy expenditure in cormor-
ants: does locomotion in different media affect relationships? | Exp Mar
Biol Ecol 399: 151-155.

Lear KO, Whitney NM, Brewster LR, Morris JJ, Hueter RE et al., 2017.
Correlations of metabolic rate and body acceleration in three species of
coastal sharks under contrasting temperature regimes. | Exp Biol 220:
397-407.

Lopez-Lopez P, 2016. Individual-based tracking systems in ornithology: wel-
come to the era of big data. Ardeola 63: 103-136.

Lopez-Lopez P, Garcia-Ripollés C, Urios V, 2007. Population size, breeding
performance and territory quality of Bonelli’s eagle Hieraaetus fasciatus in
eastern Spain. Bird Study 54: 335-342.

Lopez-Lopez P, Maiorano L, Falcucci A, Barba E, Boitani L, 2011. Hotspots
of species richness, threat and endemism for terrestrial vertebrates in SW
Europe. Acta Oecol 37: 399-412.

Margalida A, Gonzalez LM, Sanchez R, Oria J, Prada L, 2007. Parental behav-
iour of Spanish imperial eagles Aquila adalberti: sexual differences in a mod-
erately dimorphic raptor. Bird Study 54: 112-119.

Martinez JE, Zuberogoitia I, Gomez G, Escarabajal JM, Cerezo E et al., 2014.
Attack success in Bonelli’s eagle Aquila fasciata. Ornis Fenn 91: 67.

Martinez JE, Zuberogoitia I, Escarabajal JM, Cerezo E, Calvo JF et al., 2020.
Breeding behaviour and time-activity budgets of Bonelli’s eagles Aquila fas-
ciata: marked sexual differences in parental activities. Bird Study 67: 35-44.

Martinez-Miranzo B, Banda E, Gardiazabal A, Ferreiro E, Aguirre JI, 2016.
Differential spatial use and spatial fidelity by breeders in Bonelli’s Eagle
(Aquila fasciata). | Ornithol 157: 971-979.

Martinez-Miranzo B, Banda E, Aguirre JI, 2019. Home range requirements in
Bonelli’s eagle (Aquila fasciata): prey abundance or trophic stability? Eur |
Wildl Res 65: 85.

Maury C, Serota MW, Williams TD, 2020. Plasticity in diurnal activity and
temporal phenotype during parental care in European starlings, Sturnus vul-
garis. Anim Bebav 159: 37-45.

Moller AP, Nielsen JT, 2014. Parental defense of offspring and life history of a
long-lived raptor. Behav Ecol 25: 1505-1512.

Muiioz AR, Real R, Barbosa AM, Vargas JM, 2005. Modelling the distribu-
tion of Bonelli’s eagle in Spain: implications for conservation planning.
Divers Distrib 11: 477-486.

Muriel R, Ferrer M, Balbontin J, Cabrera L, Calabuig CP, 2015. Disentangling
the effect of parental care, food supply, and offspring decisions on the
duration of the postfledging period. Behav Ecol 26: 1587-1596.

Newton I, 1979. Population Ecology of Raptors. United Kingdom: A&C
Black.

Nur N, 1988. The consequences of brood size for breeding blue tits. III.
Measuring the cost of reproduction: survival, future fecundity, and differen-
tial dispersal. Evolution 42: 351-362.

O’Mara MT, Scharf AK, Fahr J, Abedi-Lartey M, Wikelski M et al., 2019.
Overall dynamic body acceleration in straw-coloured fruit bats increases in
headwinds but not with airspeed. Front Ecol Evol 7: 200.

Ontiveros D, Pleguezuelos JM, Caro J, 2005. Prey density, prey detectability
and food habits: the case of Bonelli’s eagle and the conservation measures.
Biol Conserv 123: 19-25.

Ontiveros D, Caro J, Pleguezuelos JM, 2008. Green plant material versus ecto-
parasites in nests of Bonelli’s eagle. ] Zool 274: 99-104.

Pérez-Garcia JM, Botella F, Sinchez-Zapata JA, Moleon M, 2011. Conserving
outside protected areas: edge effects and avian electrocutions on the periph-
ery of Special Protection Areas. Bird Conserv Int 21: 296-302.

Pérez-Mellado V, Bueno JM, Arroyo B, 1977. Comportamiento de Hieraaetus
fasciatus en el nido. Ardeola 23: 81-102.

Perona AM, Urios V, Lopez-Lopez P, 2019. Holidays? Not for all. Eagles have
larger home ranges on holidays as a consequence of human disturbance.
Biol Conserv 231: 59-66.



Lépez-Lopez et al. - Differences in energy expenditure and parental effort 67

Pilakouta N, Hanlon EJ, Smiseth PT, 2018. Biparental care is more than the
sum of its parts: experimental evidence for synergistic effects on offspring
fitness. Proc R Soc B Biol Sci 285:20180875.

Qasem L, Cardew A, Wilson A, Griffiths I, Halsey LG et al. 2012. Tri-axial
dynamic acceleration as a proxy for animal energy expenditure; should we
be summing values or calculating the vector?. PloS One 7: e31187.doi:
10.1371/journal.pone.0031187.

R Core Team, 2019. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing (https://www.R-pro
ject.org/).

Real J, 2004. Aguila-azor perdicera, Hieraaetus fasciatus. In: Madrofio A,
Gonzalez C, Atienza JC, editors. Libro Rojo de las Aves de Espana. Madrid,
Spain: Direccion General Para la Biodiversidad-SEO/BirdLife. 154-157.

Royle NJ, Smiseth PT, Kélliker M (eds.), 2012. The Evolution of Parental
Care. Oxford University Press.

Sakamoto Y, Ishiguro M, Kitagawa G, 1986. Akaike Information Criterion
Statistics. Dordrecht, The Netherlands: D. Reidel, 81 p.

Scharf A, 2018. moveACC: Visualitation and Analysis of Acceleration Data
(Mainly for eObs Tags). R package version 0.1.

Schoenjahn J, Pavey CR, Walter GH, 2020. Why female birds of prey are
larger than males. Biol | Linn Soc 129: 5§32-542.

Signer J, Balkenhol N, 2015. Reproducible home ranges (rhr): a new,
user-friendly R package for analyses of wildlife telemetry data. Wildl Soc
Bull 39: 358-363.

Signer J, Fieberg J, Avgar T, 2019. Animal movement tools (amt): R package
for managing tracking data and conducting habitat selection analyses. Ecol
Evol 9: 880-890.

Sokolov V, Lecomte N, Sokolov A, Rahman ML, Dixon A, 2014. Site fidelity
and home range variation during the breeding season of Peregrine Falcons
(Falco peregrinus) in Yamal, Russia. Polar Biol 37: 1621-1631.

Sonerud GA, Steen R, Low LM, Roed LT, Skar K et al., 2013. Size-biased allo-
cation of prey from male to offspring via female: family conflicts, prey selec-
tion, and evolution of sexual size dimorphism in raptors. Oecologia 172:
93-107.

Sonerud GA, Steen R, Selds V, Aanonsen OM, Aasen GH et al., 2014.
Evolution of parental roles in provisioning birds: diet determines role asym-
metry in raptors. Behav Ecol 25: 762-772.

Sotillo A, Baert JM, Miiller W, Stienen EW, Soares AM et al., 2019. Time and
energy costs of different foraging choices in an avian generalist species. Mov
Ecol 7:11.

Spivey RJ, Bishop CM, 2013. Interpretation of body-mounted accelerometry
in flying animals and estimation of biomechanical power. | R Soc Interface
10: 20130404.

Stothart MR, Elliott KH, Wood T, Hatch SA, Speakman JR, 2016. Counting
calories in cormorants: dynamic body acceleration predicts daily energy ex-
penditure measured in pelagic cormorants. | Exp Biol 219: 2192-2200.

Symonds MR, Moussalli A, 2011. A brief guide to model selection, multimo-
del inference and model averaging in behavioural ecology using Akaike’s in-
formation criterion. Behav Ecol Sociobiol 65: 13-21.

Trivers RL, 1972. Parental investment and sexual selection. In: Campbell B,
editor, Sexual Selection and the Descent of Man. Aldine Publishing
Company. 136-179.

Tucker MA, Bohning-Gaese K, Fagan WF, Fryxell JM, Van Moorter B et al.,
2018. Moving in the Anthropocene: global reductions in terrestrial mamma-
lian movements. Science 359: 466-469.

van Rooij EP, Griffith SC, 2013. Synchronised provisioning at the nest: paren-
tal coordination over care in a socially monogamous species. Peer] 1: €232.

Wagner GF, Mourocq E, Griesser M, 2019. Distribution of experimentally
increased costs of parental care among family members depends on duration
of offspring care in biparental birds. Front Ecol Evol 7.

Wang G, 2019. Machine learning for inferring animal behavior from location
and movement data. Ecol Inform 49: 69-76.

Webb TJ, Olson VA, Székely T, Freckleton RP, 2010. Who cares? Quantifying
the evolution of division of parental effort. Methods Ecol Evol 1: 221-230.
Williams TD, 2018. Physiology, activity and costs of parental care in birds. |

Exp Biol 221: jeb169433.

Wilson RP, White CR, Quintana F, Halsey LG, Liebsch N et al., 2006.
Moving towards acceleration for estimates of activity-specific metabolic
rate in free-living animals: the case of the cormorant. | Anim Ecol 75:
1081-1090.

Zuur A, Teno EN, Walker N, Saveliev AA, Smith GM, 2009. Mixed Effects
Models and Extensions in Ecology with R. Springer Science & Business
Media.


https://www.R-project.org/
https://www.R-project.org/

	tblfn1
	tblfn2
	tblfn3



