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• Organisms are exposed to environmental stressors in human-transformed
landscapes.
• We measured CORTf and telomere
length in GPS-tagged griffon vultures.
• Telomere length decreased in parallel to anthropization and density of
conspeciﬁcs.
• CORT f levels were higher in females
and in more anthropized areas.
• Environment- and population-related
stressors affect overall individual
quality.
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a b s t r a c t
Habitat anthropization is a powerful stressor affecting the health and ﬁtness of organisms, ultimately impacting
their population dynamics. In vertebrates, stressful living conditions are usually associated with elevated
glucocorticoids-based responses (GCs) as well as shorter telomeres, which are in turn associated with decreased
overall body condition ﬁtness and life expectancy. However, our understanding of how habitat anthropization
per se and population processes synergistically, or independently, may affect GCs and telomere dynamics in natural populations is still very limited. Here, we assessed the physiological footprint of habitat anthropization and
conspeciﬁc density in 65 GPS-tagged Eurasian griffon vultures (Gyps fulvus) from two populations of the Iberian
Peninsula. We examined how extrinsic (human footprint values and conspeciﬁcs density within individual activity areas) and intrinsic (sex and home range size) factors determine GCs deposited in feathers (CORTf) and telomere length as proxies of overall individual condition and quality. We found strong differences in both
physiological markers between populations, with higher CORTf levels and shorter telomeres in vultures living
in the northern, more anthropized area. We also found sex-speciﬁc patterns of CORTf, with females having higher
levels than males. In both sexes, telomere length decreased as the density of conspeciﬁcs increased. Previous
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studies in these populations have shown lower survival rates in individuals who exploit more anthropized areas,
and here we show a potential physiological causal link. We highlight the existence of complex effects of chronic
stress associated both with living in anthropized environments and with population-related processes likely associated to the spatial distribution of resources.
© 2021 Elsevier B.V. All rights reserved.

(Rebolo-Ifrán et al., 2015). In addition, Ibáñez-Álamo et al. (2020) found
consistently higher CORTf levels in non-urban as compared with urban
habitats when analyzing different populations of an urban exploiter
species, yet this effect was only apparent in males, a result likely associated with habitat-associated differences in physiology between sexes.
Therefore, both the magnitude and the direction of GCs-mediated
response of particular species and sexes to anthropization are overall
difﬁcult to predict.
Stress also operates through accelerated cell aging, as indexed by
shorter telomeres at the ends of chromosomes (Epel et al., 2004;
Kotrschal et al., 2007). Telomeres are evolutionarily conserved caps
consisting of short tandem repeated DNA sequences that protect
eukaryotic linear chromosome ends (Zakian, 1995). The enzyme telomerase replicates DNA in chromosome ends and thus enlarges telomere
length that would be otherwise shortened in each cell division (Greider
and Blackburn, 1985). Chronic stress and elevated GCs interfere with
antioxidative defenses, therefore increasing cellular and DNA oxidative
damage, especially affecting the telomeric regions and the restorative
ability of the enzyme telomerase (Epel et al., 2004). Chatelain et al.
(2020) concluded that exposure to stressors, regardless of its origin, is
unequivocally associated with shorter telomeres or greater telomere
shortening across taxa. In birds, telomere length and shortening rate
have been associated with stress conditions experienced both early in
life (e.g., Young et al., 2017) and in other later stages (e.g., Mizutani
et al., 2013). Although studies linking anthropization to telomere length
and dynamics are still scarce, it has been shown that growing up in
urban habitats and human-induced disturbances accelerate telomere
shortening (Blévin et al., 2016; Salmón et al., 2016; Stauffer et al.,
2017; but see Biard et al., 2017) and that urban-dwelling birds have
shorter telomeres than forest-dwelling ones (Ibáñez-Álamo et al.,
2018).
The social environment experienced by individuals may be also altered by anthropization, mainly through its effects on population density and the distribution and availability of resources, likely increasing
both social and nutritional stress (reviewed in Bonier, 2012). Experimental studies have found higher GC levels under increased social competition (e.g., Hawley et al., 2006; Mora et al., 1996). In wild bird
populations, conspeciﬁc density and intra-speciﬁc competitive interactions have also been associated with increased GCs secretion
(e.g., Landys et al., 2010; Silverin, 1998). However, these relationships
are not universal and become even more complicated in hierarchical social animals, being further inﬂuenced by ecological and environmental
factors (reviewed in Creel et al., 2013; Goymann and Wingﬁeld, 2004).
The inﬂuence of social variables on telomere dynamics has received much less attention, and most evidence for their effects
come from studies with model organisms, showing a negative effect
of density (Beloor et al., 2010) and crowding, also dependent on an
individual's sex (Kotrschal et al., 2007). Experimental studies with
wild passerines and mammals also provide evidence for conspeciﬁc
resource competition during development, leading to greater telomere shortening (e.g., Nettle et al., 2015), and shorter telomere
lengths (e.g., Cram et al., 2017) that may be carried through to adulthood. In free-ranging adult mammals, Lewin et al. (2015) showed
the inﬂuence of social and ecological factors on telomere length,
which were unrelated to individual chronological age.
Although current evidence from long-lived wild bird populations is
scarce and individual relationships have reported mixed results,

1. Introduction
Anthropization of landscapes affects vital rates of organisms, their
population dynamics and, ultimately, community structure (Loss et al.,
2015; Olden et al., 2004). In addition to altering key ecological processes
and interactions such as intra- and inter-speciﬁc competition for resources (Vitousek et al., 1997), habitat anthropization may be a powerful environmental stressor affecting the health and ﬁtness of organisms
(see reviews in Angelier et al., 2018; Dantzer et al., 2014). In vertebrates,
the individual response to environmental stress is driven by the activation of the hypothalamic-pituitary-adrenal (HPA) axis, resulting in increased levels of glucocorticoids (GCs). GCs are the main hormonal
mediators of allostasis (i.e., maintaining homeostasis through change,
McEwen and Wingﬁeld, 2003) and are often used as a proxy for an individual's ability to cope with the environment (Angelier et al., 2010;
Wingﬁeld et al., 1998). Short-term elevated GC concentrations may
help to face successfully life-threatening situations, but chronic activation of the HPA axis and cumulative exposure to circulating GCs may
also have deleterious effects, such as reductions in body mass/condition,
immune function, fertility, and survival (e.g., Kitaysky et al., 2010;
Sheriff et al., 2011). Although consequences of long-term stress caused
by natural factors are not necessarily pathological (Boonstra, 2013;
Dantzer et al., 2013) and the relationship between GCs and ﬁtness in
free-living animals is not uniformly negative (Bonier et al., 2009;
Crespi et al., 2013), stress derived from anthropogenic disturbance is
likely to exceed that originating from natural sources (e.g., Dantzer
et al., 2014; Zbyryt et al., 2018). Thus, understanding how humanmediated stressors affect wildlife populations is of paramount importance in ecology and biodiversity conservation.
In birds, several studies have found signiﬁcant relationships
between anthropization and high GCs levels, low survival, and low
breeding success (e.g., Mülner et al., 2004; Strasser and Heath,
2013). However, there are also examples showing no relationships
or even the opposite patterns (Buxton et al., 2018; Crino et al.,
2013; Rebolo-Ifrán et al., 2015), suggesting that the links between
anthropization and GCs are far from being easily generalized. Rather,
they may be highly complex and dependent on species-, population-,
and individual-level variation in the perception (e.g., urban
exploiters vs. avoiders) and response to chronic stress (see IglesiasCarrasco et al., 2020 and references therein). An example of within
species variation is found in the sex-speciﬁc response to anthropogenic disturbance, with stronger male than female responses
reported in some studies (e.g., Hayward et al., 2011) while the
reverse is observed in others (e.g., Strasser and Heath, 2013).
Corticosterone, the primary GC in birds, is deposited in feathers
(CORTf) and reﬂects the cumulative exposure of individuals during
feather growth, so it is increasingly used as reliable proxy for longterm stress (Bortolotti et al., 2008). The integration of CORTf during
the period of feather growth is weeks long, meaning that the values
are less sensitive to short-term stressors (e.g., predator attack). Thus,
this measure is more suitable for studying responses to environmental
stressors that operate over longer time periods such as climate, food
availability and habitat quality (Romero and Fairhurst, 2016). Increases
in CORTf have been found along an urbanization (and pollution) gradient in birds of different ages (Beaugeard et al., 2019; Meillère et al.,
2016). However, CORTf has also been reported to be similar between
urban and rural habitats, with partial and non-linear effects on survival
2
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and 28% of the total breeding population of the target species in Spain,
respectively (Del Moral and Molina, 2018).
Individuals were captured using cannon nets and livestock carcasses
as baits. All tagged birds were adults (>6 years old), classiﬁed according
to morphological traits such as plumage, eye, and bill characteristics
(Zuberogoitia et al., 2013). All birds were weighed using a Pesola scale
(±5 g). Wing chord length was measured using a 100 cm ruler to the
nearest mm and used as a proxy for body size. Birds were equipped
with 98 g GPS/GPRS-GSM devices from e-Obs digital telemetry
(https://www.e-obs.de). The weight of the device and the harness
account for less than 1.1% of the mean adult weight, so negative effects
on the individual behavior and ﬁtness are not expected (Martin-Díaz
et al., 2020). We monitored all individuals from capture until December
2018, except in cases of device failure or individual mortality (Arrondo
et al., 2020a). More details on the study model and ﬁeldwork procedures can be found in Martin-Díaz et al. (2020) and Arrondo et al.
(2020a).
At the time of capture for each individual, we collected a 5 ml blood
sample by venipuncture of the brachial vein. Blood samples were preserved in absolute ethanol for molecular analyses (sex and telomere
length determination). In addition, we collected a new and unworn
scapular feather from each individual for hormone analyses (CORTf determination), and stored the samples in paper envelopes at room temperature until analysis. This particular feather can be easily identiﬁed,
which facilitates the standardization of sample collection (the same
feather is collected from all individuals), and is of sufﬁcient size while
not being an essential ﬂight feather. Although we do not know the
exact growth rate of scapular feathers of griffon vultures, the growth
rate of ﬂight feathers in birds of prey is similar across species (about 4
mm/day, Zuberogoitia et al., 2018). Assuming this growth rate and considering that the mean length of scapulars used here was 129 mm (see
below), the sampled feathers would have required about 30 days to
achieve full growth. Body feathers are replaced every 2–4 years, but
less active molt is observed during the breeding period in adult individuals (Zuberogoitia et al., 2013). Our sampling was done in winter and
early spring. Thus, because we chose new, unworn feathers, which are
darker and brighter than worn feathers molted in previous years
(SM2), they were likely to have grown in the immediately preceding
post-breeding autumn and winter months, thus standardizing the environmental conditions experienced by sampled birds.

mounting evidence supports that telomere length in long-lived birds
correlates with life-history traits and ﬁtness (e.g., Angelier et al., 2019;
Wilbourn et al., 2018) and that these processes are tightly linked to environmental stress (see review in Angelier et al., 2018). However, our
understanding of how the habitat per se and ecological processes, including population variables, synergistically or independently affect
GCs and telomere dynamics in natural populations is still limited, and
even more so with regards to the effects of habitat anthropization.
Here, we evaluated the physiological trace of habitat anthropization
in two populations of long-lived Eurasian griffon vultures (Gyps fulvus)
inhabiting areas with uneven human landscape transformations in the
Iberian Peninsula (Arrondo et al., 2020a). We assessed how extrinsic
(levels of landscape anthropization and conspeciﬁc density within individual activity areas) and intrinsic (sex and home range size) factors relate to CORTf and telomere length of adult birds. We used the Human
Footprint Index (HFI; Venter et al., 2016) to evaluate the degree of
anthropization of the home range exploited by birds determined from
GPS tracking data (Arrondo et al., 2020a) and an index of conspeciﬁc
density as an evaluator of intraspeciﬁc competition. The effects of the
environmental variables considered on the individual physiological response could differ depending on the degree of exposure, which may
in turn depend on the frequency of use of different habitats. Therefore,
we assessed the relative effect of these variables at both small (kernel
50%) and large (kernel 95%) spatial scales, indicating the core activity
and full range areas exploited by vultures, respectively, and at the population level. We predict that vultures living in more anthropized environments will have shorter telomeres and higher CORTf. This would be
consistent with the already observed lower individual survival rates in
vultures using the more anthropized area, which are mainly associated
with human activities and infrastructure (Arrondo et al., 2020a).
Predicting the effects of sex and density of conspeciﬁcs on these physiological evaluators is not straightforward given the complex relationships and contrasting patterns already reported in different species
(see above). However, we expect that a higher density of conspeciﬁcs
competing for resources, even in this social species, will increase levels
of environmental stress for both sexes.
2. Material and methods
2.1. Focal species, study area, and ﬁeld procedures

2.2. Determination of CORTf

We targeted the Eurasian griffon vulture, a large (up to 12 kg), longlived avian scavenger that roosts and breeds colonially in cliffs and feeds
on wild and domestic ungulate carcasses. Griffons cover hundreds of kilometers when foraging (Cortés-Avizanda et al., 2014), yet most of the
foraging activity of breeding birds concentrates within 50 km from the
nest site (Arrondo et al., 2020a). Historically, the species occupied dry
and open regions of northern Africa, southern Europe, the Middle East,
and central Asia. In the Western Palearctic, griffons have disappeared
or declined all over their former range except the Iberian Peninsula,
which currently holds 95% of the European population with around
34,000 breeding pairs (Del Moral and Molina, 2018).
We captured 30 adult griffons in the southern Iberian Peninsula between December 2014 and January 2015. Another 35 adults were captured in the north between December 2015 and March 2016 (SM1).
The southern breeding area corresponds to the Sierras de Cazorla
Segura y las Villas Natural Park, a mountainous region with an altitude
ranging from 500 to 2107 m. These birds mainly forage in Sierra
Morena, an east-to-west ridge mostly covered by Mediterranean
woodlands and pasturelands, predominantly dedicated to traditional
livestock farming, big game hunting, and forestry (see details in
Martin-Díaz et al., 2020). The northern population breeds in the hills
and mountains of the upper Ebro Valley, a region with plains largely
transformed for intensive agricultural crops and where traditional, extensive sheep farming has also been partially replaced by intensive
farming (Martín-Queller et al., 2010). The two study areas hold 12%

CORTf was measured using the acetonitrile/hexane extraction and
enzyme immunoassay (EIA) method, following a modiﬁed protocol
originally proposed by Kouwenberg et al. (2015). Firstly, we silanized
the borosilicate tubes using 99% toluene and 1% acetonitrile in an
extractor hood. Tubes were rinsed with 1 ml methanol and air-dried before a 30 min incubation. After removing the after-feather, calamus, and
any debris, the length (± 1 mm) and weight (± 1 mg) of the rachis
were measured using a ruler and an analytical balance, respectively
(mean length = 129 mm, range = 82–192 mm; mean weight =
89.22 mg, range = 23.8–191.5 mg). Feathers were then cut into small
pieces with scissors and introduced into silanized tubes with 2 ml of
methanol. We included a blank extraction tube with no feather. Subsequently, the tubes were sonicated for 30 min and introduced in a shaking water bath for 16 h at 50 °C and 50 rpm. Then, methanol was ﬁltered
using ESF-GF-25-100 (25 mm 1 μm) ﬁlters in silanized tubes, and two
additional milliliters of methanol were added to collect and ﬁlter all corticosterone. Tubes were dried for 1 h at 60 °C in a nitrogen evaporator
(N-Evap).
For the corticosterone puriﬁcation, we ﬁrst added 2 ml of hexane in
each tube, vortexed, then added 2 ml of acetonitrile and vortexed again.
Samples were centrifuged at 1250 ×g and 10 °C for 15 min to facilitate
separation of the Acetonitrile and hexane layers. The upper phase (hexane layer) was then transferred to a clean tube, and 2 ml of acetonitrile
3
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following Criscuolo et al. (2009). We then calculated the threshold of
quantiﬁcation cycle values (Ct) of this reference sample for each plate.
All other samples were run in duplicate on the plates, and mean values
per plate were used to calculate relative ratios of target individual relative to the reference individual. Mean intra- and inter-plate CV was
0.71% and 2.32%, respectively, for the Ct values of GAPDH assays, while
intra- and inter-plate CV was 0.41% and 0.97%, respectively, for the Ct
values of telomere assays. To take into account the variation of efﬁciencies between telomere and GAPDH ampliﬁcations, we calculated relative telomere length by transforming Ct values into normalized
relative quantities (NRQs) following Hellemans et al. (2007).

was added. Two milliliters of hexane were added to the tube with the
lower phase (acetonitrile layer). Tubes were vortexed and centrifuged
again using the same conditions as above. We then eliminated the hexane layer of every tube and merged the two acetonitrile layers from the
same sample for evaporation under nitrogen ﬂow in a N-Evap. Samples
were kept at −80 °C until the corticosterone analysis. Corticosterone
was quantiﬁed using a commercial CORT EIA kit (501,320, Cayman
Chemical Company, Ann Arbor, MI) previously validated for the measurement of feather corticosterone (Kouwenberg et al., 2015), following
manufacturer instructions. Dried extracts were re-suspended in 125 μl
of EIA buffer and run in duplicates, with intra- and inter-assay coefﬁcient of variation (CV) of 3.70 and 8.86%, respectively. Cross-reactivity
values of this assay for corticosterone, 11-deoxycorticosterone, prednisolone, 11-dehydrocorticosterone, cortisol, and progesterone are 100,
15.8, 3.4, 2.9, 2.5, and 1.4%, respectively, and < 0.5% for remaining structurally related molecules (potential cross-reactants). The feather
growth rate is rather uniform between and within species (Rohwer
et al., 2009). Consequently, the hormone exposure is time-dependent
and feather corticosterone should be standardized by length. Therefore,
corticosterone values were expressed as pg CORT per mm of feather
(pg/mm).

2.4. Determination of environmental variables: Human Footprint Index and
vulture density
We performed kernel density models in the adehabitatHR package
(Calenge and Fortmann-Roe, 2013) run in R version 3.0.3 (R
Development Core Team, 2018) to estimate core area (kernel 50%, hereafter KDE50, small spatial scale) and the home range area (kernel 95%,
hereafter KDE95, large scale) of individual vultures (Table 1, Fig. 1).
We estimated the spatial use of each individual with the ad hoc method
as a smoothing parameter and with a resolution of 1 ha (Margalida et al.,
2016).
As proxy for anthropization we used the Human Footprint Index
(HFI, https://wcshumanfootprint.org/), which expresses, on a scale
from 0 to 50, the overall human inﬂuence in a particular area (1km2 resolution) by integrating the human population density and land use:
crop surface, pasturelands surface, nightlights, built environments, railway coverage, major roadway coverage, and navigable waterways
(Venter et al., 2016). The variable HFI was not normally distributed in
our study area, but the data were skewed and contained clear outliers
(see Arrondo et al., 2020a). Therefore, we used the median for further
calculations. We quantiﬁed the median HFI at KDE50 and KDE95 for
each individual bird by intersecting each individual's respective KDE
with the European Human Footprint map.
An index of conspeciﬁc density was calculated for both KDE50 and
KDE95 home ranges as follows. Firstly, and for each 10 × 10 km grid
cell encompassing the Iberian Peninsula, we calculated the number of
potential foraging vultures as the number of breeding individuals according to the griffon vulture census database of 2008 (Del Moral,
2009) within a radius of 50 km from the grid center. This radius was
chosen in the light of the existing data showing that most of the foraging
activity of the birds concentrates within 50 km from the breeding sites
(Arrondo et al., 2020a). Subsequently, and for both home range estimators, we calculated the mean number of conspeciﬁcs/km2 on the basis of
the total number of grid cells within the respective area.

2.3. Determination of telomere length
Telomere length was evaluated using DNA extracted from erythrocytes. Although the biological age of each individual was unknown,
the fact that all samples came from the same tissue and all birds were
adults facilitated the comparison of telomere length among them
(Nussey et al., 2014). Telomere length was estimated by a quantitative
PCR assay (qPCR) (Cawthon, 2002; Criscuolo et al., 2009). Relative telomere length was measured by determining the ratio (T/S) of telomere
repeat copy number (T) to single control gene copy number (S) in target
samples when compared with a non-telomeric reference sequence
sample. Hence, the qPCR method measures relative telomere lengths
and not absolute telomere lengths (i.e., kb), as in other methods such
as Telomere Restriction Fragment (TRF) (Cawthon, 2002).
We followed the procedure described in Gangoso et al. (2016), with
some modiﬁcations; we carried out telomere and control single copy
gene (Glyceraldehyde-3-phosphate dehydrogenase, GAPDH) real-time
ampliﬁcations on different plates using two biological replicates per
sample. In addition, ampliﬁcations for all samples were run on two different plates (i.e., N = 40 and N = 25, N total = 65 samples). Each PCR
reaction for the telomere (or GAPDH) was performed using 20 ng/μl of
DNA with sets of primers Tel1b/Tel2b (or GAPDH-F/GAPDH-R), each
used at a concentration of 500 nM, in a ﬁnal volume of 20 μl containing
10 μl of Fast Start Universal SYBR Green Brilliant Master (Roche,
Diagnostics GmbH, Mannheim, Germany) and 0.5 μl of BSA (Bovine
Serum Albumin) at a concentration of 20 ng/μl.
PCR conditions for the telomere portion of the assay were 10 s of
pre-incubation at 95 °C followed by 30 cycles of 10 s at 95 °C, 10 s at
56 °C, and 1 min at 72 °C. A ﬁnal melting assay of 15 s at 95 °C followed
by a temperature ramp from 65 °C to 95 °C at a ramp rate of 2.2 °C/s was
also performed. Conditions for the GAPDH portion of the assay were 10 s
of pre-incubation at 95 °C followed by 50 cycles of 10 s at 95 °C, 10 s at
56 °C, and 40 s at 72 °C. Identical conditions to the telomere portion for
the ﬁnal melting assay were followed for GAPDH.
All PCRs were performed in a Light Cycler 480 RT-PCR System
(Roche). To test the efﬁciency of each PCR reaction, a standard curve
was produced in every plate by serially diluting a mix of DNA obtained
from ﬁve random samples (40, 10, 2.5 and 0.66 ng/μl of DNA per well)
and by running it in duplicate. The slopes of the standard curves ranged
from −3.11 to −3.59; efﬁciencies ranged from 1.95 and 2.09 (mean
efﬁciency telomere = 1.95; mean efﬁciency GAPDH = 1.99), thus falling
within the acceptable range of efﬁciencies for qPCR assays (see review
in Horn et al., 2010). The CV of the quantiﬁcation cycle (Ct) values for
the GAPDH and telomere ampliﬁcations were < 5% in all samples

2.5. Statistical analysis
We ﬁtted Linear Models (LMs) considering both the concentration of
feather corticosterone/mm (CORTf) and telomere length (TL) as response variables. These two variables were not correlated (Pearson

Table 1
Mean ± standard deviation (SD) size (km2) of the core area (kernel 50%, KDE50) and the
home range area (kernel 95%, KDE95) of 65 GPS-tagged Eurasian griffon vultures from the
northern and southern study populations. Sample sizes (N) for each sex and population
are indicated.
North

KDE50
KDE95

4

Males
Females
Males
Females

South

Mean

SD

N

Mean

SD

N

451.53
830.44
6709.52
10,886.63

551.50
570.62
8386.43
8803.21

19
16
19
16

467.45
937.62
9888.89
13,600.34

557.36
571.51
6152.36
5985.50

19
11
19
11
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Fig. 1. Sum of the individual Kernels (left panel KDE95, right panel KDE50) of 65 GPS-tagged Eurasian griffon vultures from the northern (blue) and southern (red) study populations in the
Iberian Peninsula.

correlation test, r = − 0.125, p = 0.34, N = 60). Initial explanatory variables accounting for individual variability in these response variables
were: location (North/South), sex (male/female), HFI and conspeciﬁcs
density. The latter two variables were calculated at small and large
spatial scales (i.e., KDE50 and KDE95). Although vultures concentrate
their activity within relatively small areas (KDE50, core areas), usually
during winter and the earlier reproductive season, they may perform
much larger foraging movements (KDE95, whole home range) over
the year (Table 1, Fig. 1). Factors operating at these two scales may be
different because, obviously, the individuals can be constrained by the
habitat characteristics and availability of resources near the breeding
areas, but they can be more selective when larger areas are available
to forage.
In the ﬁrst instance, we also considered working with explanatory
variables describing the size of the home range (km2) because CORTf
levels may be positively associated with locomotor activity, particularly
under nutritional stress (e.g., Carrete et al., 2013). In fact, Carrete et al.
(2013) found differences in CORTf values in Egyptian vultures
(Neophron percnopterus) associated with very large differences in
home range sizes (i.e., 33 times larger in African wintering than in
European breeding areas). In our study birds, females had larger home
ranges than males, but the difference was comparatively much smaller
both at KDE50 and KDE95 (Table 1). Preliminary analyses showed covariation (p < 0.05) between sex and home range at both spatial scales,
i.e., KDE50 and KDE95, so these variables should not be included in the
same model to avoid multicollinearity (Graham, 2003). Moreover, it is
important to note that vultures are specialized in soaring-gliding ﬂight
for wide-range movements, which minimizes energy expenditure
(about 1.5 x basic metabolic rate; Norberg, 1996) while searching for
food (Duriez et al., 2014). Thus, large differences in CORTf values associated with differences in home range size between sexes of such magnitude would not be expected. Even so, and to assess the potential effect of
home range size, we ﬁtted preliminary models for both CORTf and TL
with home range sizes (both KDE50 and KDE95) as the only predictors.
In all cases, we found no relationships with these variables (in all cases
estimates overlapped zero). Home range was therefore excluded from
the LM analyses, while sex was maintained, as differences in CORTf between sexes are likely due to sex-linked features other than differences
in their home range size.
We also considered including individual body condition as an explanatory variable. Thus, a body condition index was calculated

separately for males and females by obtaining the standardized residuals of the regression of body mass against the wind chord. A preliminary examination of the data showed that both male and females of
the northern population had higher body masses than their southern
counterparts, even though the body size (wing chord) was similar between populations in both sexes (SM3). The regression between body
mass and wing chord gave non-signiﬁcant relationships (males: p =
0.112; females: p = 0.651), indicating that the body condition index
showed similar variation to body mass. Given the aforementioned covariation with “location” and given that the correlation between the
body condition index of both sexes with the response variables CORTf
and TL was non-signiﬁcant (SM3), we did not incorporate the body
size index in subsequent analyses.
Before model ﬁtting, we made preliminary analyses to assess potential covariations among explanatory variables (Spearman's correlation
coefﬁcient higher than |0.5|). We found that the variables “HFI” and
“conspeciﬁcs density” at both spatial scales were not correlated. On
the contrary, the variable “location” covaried with both HFI and conspeciﬁc density at both spatial scales (Wilcoxon tests for independent
samples, in all cases, p < 0.05). To help discriminate between these correlated variables that in turn determine the most suitable spatial scale
to be used, we ﬁrst included these variables into a single model and,
following Zuur et al. (2009), we performed a marginal test using the
“drop1” function in the package lme4 (Bates et al., 2015). The results
(see SM3) showed that, for the response variable “CORTf”, including
“location” resulted in models with lower AICc as compared to including
the “HFI” and “conspeciﬁc density” at both spatial scales. This means
that the AICc explaining mean (population) values is identical to the
AICc explaining individual values, so individual variation does not add
explanatory power. According with this, we found no within-locality
signiﬁcant correlations among response and explanatory variables
(Spearman R correlations, p > 0.05 in all cases). Thus, slopes of intralocality regressions probably do not differ from zero. Consequently, in
a further step, we ﬁtted models with only two explanatory variables:
“location” and “sex”. For the response variable “TL”, we found similar
results (SM3). The exception was the explanatory variable
“Consp_KDE95”. Dropping this variable also resulted in a noticeable increase in AICc. Therefore, this variable was also included in the model
assessing variation in TL together with “location” and “sex”. A similar
trend was observed for the variable “Consp_KDE50”, although the
signiﬁcance of the difference was slightly lower (SM3).
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Accordingly, we performed two ﬁnal modelling trials. In relation to
the response variable CORTf, we considered two explanatory variables:
“location” and “sex”. In relation to the response variable TL, we considered these same two variables plus “Consp_KDE50”. In both trials, and in
order to account for sex-speciﬁc patterns, we included the interaction
between “sex” and the other explanatory variables. Before model ﬁtting,
continuous variables were scaled by subtracting the mean and dividing
by standard deviation. Model selection was based on the small-samplesize corrected version of the Akaike Information Criterion (AICc,
Burnham and Anderson, 2002). Competing models (i.e., models differing <2ΔAICc) were averaged. Analyses were done using the packages
MuMIn (Barton, 2019) and AICcmodavg (Mazerolle, 2020) in R 3.5.1 (R
Development Core Team, 2018).

Table 4), with the density of conspeciﬁcs at the large-scale home
range (KDE95) (Tables 3 and 4, see also Fig. 3).
4. Discussion
Our study shows that living in anthropized landscapes entails important individual physiological costs in the adult fraction of the population of a top, long-lived avian scavenger. Exploitation of anthropized
and likely more stressful habitats, together with the density of conspeciﬁcs within individual activity areas, was associated with poorer overall
individual condition and quality, as evidenced by shorter telomeres (see
below). In the same study birds, Arrondo et al. (2020a) found a direct
relationship between anthropization and lower survival probabilities.
Our study takes this a step further and shows a potential physiological
causal link. By combining two physiological markers and individual
GPS-based delimitation of exposure areas, this is the ﬁrst study to our
knowledge showing that the interaction of human-mediated landscape
transformations and intra-population patterns in wildlife lead to cumulative negative effects on individual stress levels and cell aging, which
may ultimately affect ﬁtness.
Wildlife populations living in proximity to humans generally experience reductions in population size and connectivity, a process that frequently decreases biodiversity (McKinney, 2002). Nonetheless,
human-altered environments may create opportunities for some species by, for example, increasing environmental heterogeneity and resource availability or reducing predation pressure (reviewed in Chace
and Walsh, 2006), with some species thriving in moderately altered environments (Luck, 2007). Although negative effects of anthropization
on individuals' performance likely outweigh the positive effects, contrasting patterns and even absence of effects have been reported with
regard to physiological stress responses (see reviews in Dantzer et al.,
2014; Iglesias-Carrasco et al., 2020). Even so, it may be expected that,
in general, wild urban-avoiders inhabiting areas with a higher degree
of anthropization suffer higher chronic stress.
Vultures have been associated with human activities since ancient
times, mainly beneﬁting in terms of food acquisition (Gangoso et al.,
2013; van Overveld et al., 2018). Foraging in more anthropized areas
may have several cost-beneﬁts in terms of energy balance and stress.
On the one hand, availability and predictability of food is likely higher,
which is supported by shorter foraging trips (smaller home ranges, particularly at KDE95, Table 1) and higher body mass in vultures exploiting
this area (SM3). However, we found that individuals from the north had
overall higher CORTf values than those from the south. This pattern
could be associated with a lower food quality for vultures in the north,
as poor nutritional status contributes to stress and elevated levels of circulating GCs (Kitaysky et al., 2006; Pokharel et al., 2019). In fact, by analyzing GPS locations classiﬁed as “foraging” on the basis of
accelerometer data, it was shown that the use of landﬁlls and intensive
livestock farms was much higher in the northern population (north:
mean = 12.20 ± 11.54 SD and 35.88 ± 13.31, respectively, vs. south:
0.04 ± 0.23 and 24.13 ± 24.16; authors, unpublished). This easy to
ﬁnd food may also entail a risk of ingesting veterinary drugs and other
pollutants that may in turn affect vultures' immunity-disease interactions (Blanco et al., 2019; Plaza et al., 2019). Glucocorticoids, by orchestrating allocations among physiological systems, may eventually
inﬂuence life-history trade-offs such as those arising between responses
to nutritional and oxidative stress and immune function (see review in
Hasselquist and Nilsson, 2012). Body condition of griffon vultures measured at sampling was, however, unrelated to both CORTf and TL. This
further suggests that the quality rather than the quantity of food obtained at highly anthropized areas may entail physiological consequences. Nonetheless, other more subtle effects should also be
considered, such as the risk of ingesting lead from ammunition sources.
By analyzing blood samples of vultures from the same study sites,
Arrondo et al. (2020b) found higher lead concentrations derived from
hunting activities in individuals from the southern population. This

3. Results
We used GPS data and physiological measures (levels of CORTf and
TL) of 65 griffon vultures from two different populations (north: 19
males and 11 females, and south: 19 males and 16 females, see
Table 1 and Fig. 1). Data on CORTf levels could not be obtained from
ﬁve birds. Overall, levels of CORTf and, especially TL differed between
the two study sites, with slightly higher CORTf levels and signiﬁcantly
shorter TL found in the northern population. In addition, the Human
Footprint Index (HFI) and conspeciﬁc density also showed signiﬁcantly
higher values in the northern population at both spatial scales (KDE50
and KDE95) (Table 2, Fig. 2). Within each population, values of these
two variables were similar at both scales for vultures living in the northern population. On the contrary, HFI and conspeciﬁc density decreased
from the core (KDE50) to the large individual home range scale
(KDE95) in the southern population (Table 2).
The ﬁtting of CORTf gave two equivalent models, which when averaged, showed that levels of CORTf were lower for the southern population (Tables 3 and 4). Additionally, males had lower CORTf levels than
females, especially in the southern population (see also Fig. 2), yet the
interaction between these variables did not signiﬁcantly affect CORTf
(95% CI overlapped zero). The average of the three equivalent models
for the response variable TL (Table 3) showed that vultures from the
northern population had shorter telomeres, and that TL was also negatively associated, yet to a lower extent (lower relative importance, see

Table 2
Descriptive statistics of the response variables: feather corticosterone CORTf (pg/mm
feather) and relative telomere length TL (T/S ratio) and the explanatory variables: Human
Footprint Index (HFI) and conspeciﬁc density (mean number of individuals/km2) in Eurasian griffon vultures from the two study populations (North/South). In each case, the
mean, the standard deviation (in brackets) and the range are shown. We also show the results of comparisons between populations (one-way ANOVA, right column) and within
populations (Wilcoxon signed rank tests, below pairs of variables at different spatial
scales). Note that difference in degrees of freedom is due to the fact that ﬁve individuals
have no data on CORTf.

CORTf
TL
HFI_50
HFI_95
Comparison within populations
Consp_KDE50
Consp_KDE95
Comparison within populations

North
N = 35

South
N = 30

Comparison
between
populations

206.0 (86.5)
62.3–425.4
1.11 (0.68)
0.04–3.14
10.57 (2.18)
8.0–17.0
10.02 (4.34)
4.0–27.0
P = 0.1037
7.14 (5.65)
0.55–20.91
6.72 (3.41)
2.20–13.60
P = 0.8652

164.0 (75.1)
55.2–306.7
1.89 (0.43)
1.22–2.96
5.90 (1.18)
4.0–8.0
4.47 (0.86)
3.0–6.0
P < 0.001
2.48 (0.79)
0.27–3.75
1.86 (0.27)
1.42–2.54
P < 0.001

F1,58 = 3.89,
P = 0.0531
F1,63 = 29.41,
P < 0.001
F1,63 = 109.3,
P < 0.001
F1,63 = 47.38,
P < 0.001
F1,63 = 20.08,
P < 0.001
F1,63 = 60.65,
P < 0.001
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Fig. 2. Values of the response variables: feather corticosterone CORTf (pg/mm feather) and relative telomere length TL (T/S ratio), and the explanatory variables: Human Footprint Index
(HFI) and conspeciﬁc density (mean number of individuals/km2) at KDE50 and KDE95 spatial scales in male (blue) and female (red) Eurasian griffon vultures from the North and South
study populations (respectively: 19 males, 16 females; 19 males, 11 females). The lines within the boxes indicate the median, the edges of the boxes the ﬁrst (Q1) and third (Q3) quartiles,
and the whiskers extend to 1.5-times the interquartile range.

found that ﬁrst-time breeding black-browed albatrosses (Thallasarche
malanophris) had higher CORT levels than experienced ones and that
baseline CORT levels were positively correlated to time spent fasting/
brooding on the nest. Moreover, male vultures may have different stress
coping strategies than females. Sex-related differences in GCs or their
metabolite levels in response to anthropogenic disturbance have been
widely reported in birds and other taxa (e.g., Ahlering et al., 2013;
Hayward et al., 2011; Strasser and Heath, 2013), yet the more responsive sex appears to be species-speciﬁc. Although in our study species
both sexes use similar food resources (herbivore carcasses and garbage
dumps), patterns of resource use may differ slightly between males and
females (authors' unpublished data). For example, home range sizes of
females surpass that of males (Table 1), which could be associated

ﬁnding is inversely related to the anthropization levels between the two
study populations we focused on. Indeed, game hunting mostly occurs
in the south, where large undisturbed areas maintain large populations
of free-ranging ungulates.
Interestingly, we found sex-associated asymmetries in levels of
CORTf, with females being apparently more responsive than males. It
is important to note that the GC-mediated response is a plastic trait,
also dependent on several individual features such as sex and reproductive status (e.g., Martínez-Mota et al., 2007). In addition, individual
behavioral skills may further modulate the magnitude of the physiological response to environmental stressors (Dantzer et al., 2014). For
instance, more experienced, often older individuals may be more efﬁcient while foraging and breeding. In this regard, Angelier et al. (2007)
7
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Table 3
Competing models assessing variation in the response variables feather corticosterone
CORTf (pg/mm feather) and relative telomere length TL (T/S ratio) in adult GPS-tagged
Eurasian griffon vultures. For each response variable we show alternative models with different combinations of explanatory variables: sex, location and conspeciﬁc density
(Consp). We also considered the null model (only intercept) and interactions between
these variables (denoted as “:”). For each model, the degrees of freedom (df), log-likelihood (logLik) and Akaike Information Criterion corrected for small sample sizes (AICc)
are shown. Delta AICc (ΔAICc) was calculated as the difference in AICc between each
model and the best model in the set. We also computed the Akaike weights (ω AICc) to
assess the weight of evidence in favor of each candidate model. Higher ranked, equivalent
models (ΔAICc <2), are bolded.
df logLik
CORTf
Location + sex + sex: Location
Location + sex
Location
Sex
Null

5
4
3
3
2

TL
Consp_KDE95 + Location
Location
Consp_KDE95 + Location + sex
Location + sex
Consp_KDE95 + Location + sex +
Location: sex
Consp_KDE95 + Location + sex + sex:
Consp_KDE95
Consp_KDE95
Consp_KDE95 + Location + sex + sex:
Consp_KDE95 + Location: sex
Location + sex + Location: sex
Consp_KDE95 + sex
Consp_KDE95 + sex + sex: Consp_KDE95
Null
Sex

−345
−347
−348
−349
−350

AICc

ΔAICc ω
AICc

701.1
701.8
703.2
703.5
704.9

0
0.73
2.13
2.44
3.81

0.40
0.28
0.14
0.12
0.06

115.9
117.6
117.8
119.2
119.6

0
1.69
1.9
3.25
3.71

0.39
0.17
0.15
0.08
0.06

4
3
5
4
6

−53.633
−55.615
−53.406
−55.256
−53.096

6

−53.391 120.2

4.3

0.05

3
7

−56.937 120.3
−52.551 121.1

4.34
5.14

0.04
0.03

5
4
5
2
3

−55.093
−56.894
−56.885
−68.066
−68.027

121.2
5.27
122.5
6.52
124.8
8.85
140.3 24.39
142.4 26.52

0.03
0.02
0.01
0
0

with their observed higher CORTf levels. GCs have metabolic functions
regulating the uptake, storage, and release of energy, and can also
have a stimulatory effect on locomotor activity (Landys et al., 2006),
so a direct relationship between CORTf and movement/foraging activity
could be expected. However, CORTf levels were unrelated to the home

Table 4
Determinants of feather corticosterone CORTf (pg/mm feather) levels and relative telomere length TL (expressed as T/S ratio) in GPS-tagged Eurasian griffon vultures: sex, conspeciﬁcs density (Consp; mean number of individuals/km2) and location (North/South).
Interactions between explanatory variables are denoted as “ : ”. Estimates, standard errors
(SE), and 95% conﬁdence intervals (CI; lower 2.5% and upper 97.5% limits) of the variables
retained after model averaging (Table 1) are shown. The application of 90% CI identiﬁed
the same informative parameters. Variables receiving the strongest support (i.e., higher
estimates whose CI do not overlap zero) are bolded. RI and CM show the relative importance and the number of models containing each variable, respectively. The coefﬁcient
of determination R2 and the AICc of each model are shown.
Model
CORTf
(Intercept)
Sex[male]
Location[south]
Sex[Male]:Location[South]
R2 = 0.16
AICc = 701.08
Telomere length (TL)
(Intercept)
Location[south]
Consp_KDE95
Sex (male)
R2 = 0.38
AICc = 116.81

Estimate

SE

CI 2.5%

CI 97.5%

RI

CM

245.44
−70.51
−82.06
71.51

20.31
27.17
31.23
41.4

205.63
−123.77
−143.27
−9.63

285.26
−17.25
−20.84
152.64

1.00
1.00
0.59

2
2
1

1
0.76
0.21

3
2
1

1.267
0.525
−0.189
−0.094

0.14
0.20
0.10
0.14

1.014
0.121
−0.390
−0.325

1.465
0.894
−0.001
0.589

Fig. 3. Model results showing that relative telomere length TL (T/S ratio) was shorter in
adult Eurasian griffon vultures from the northern population and was also negatively
associated with increasing values of conspeciﬁc density at large spatial scale (whole
home range-kernel 95%-, KDE95). Dashed area encloses the 95% CI.

range size of vultures, which gives little support to this possibility. On
the other hand, males spend more time feeding at garbage dumps and
are bolder than females when facing risky situations (e.g., they are more
likely to be captured in enclosures, authors' unpublished data). Therefore,
we cannot rule out a differential response of sexes to environmental risks
at small spatial scales, as occurs with other top avian scavengers
(e.g., Andean condors Vultur gryphus, Gangoso et al., 2016).
Telomere length was signiﬁcantly shorter in the northern population. This trend could reﬂect chronological age, with vultures living in
the north being older than those from the south. All birds included in
our study were adults (see Material and Methods section for details)
but griffon vultures have a lifespan of up to 40 years, so the exact age
of each sampled individual was unknown. However, we know that
birds from the northern population, which forage in highly anthropized
areas, have signiﬁcantly lower survival rates (Arrondo et al., 2020a).
This suggests that a higher turnover of individuals may exist in this
northern region, with juveniles soon recruiting to replace dead adults,
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being in addition more prone to death. It has been suggested that telomeres, by combining the information not only of internal physiological
processes, but also of environmental cues, may modulate pace-of-life
strategies in response to environmental conditions (Giraudeau et al.,
2019). Contrasting environmental conditions in both study populations
could then favor different life-history strategies involving reproductive,
behavioral and physiological traits (Réale et al., 2010). Following this argument, the environmental pressures characterizing the northern
population (i.e., poorer nutritional conditions and higher mortality
risk) would favor a faster pace-of-life strategy. Although current data
prevent us from testing this possibility, we hypothesize that male
griffon vultures that breed and forage in more anthropized and stressful
areas are those with shorter telomeres that may in turn show bolder behaviors in a risky human-dominated landscape and, consequently, have
lower survival rates.
Finally, we found that the presence of conspeciﬁcs was signiﬁcantly
and negatively associated with telomere length. This effect was apparent
at all spatial scales, but became more evident when considering the entire home range areas. The negative effect of conspeciﬁc density could
again indicate chronic stress caused by higher intraspeciﬁc competition
for food and nesting sites, a common phenomenon in social species
such as vultures (Fernández-Bellon et al., 2016). Hierarchy could also
play a key role in our focal birds, as occurs in mammal carnivores.
Hence, according to Lewin et al. (2015) the status-speciﬁc differences
in telomere length of spotted hyenas (Crocuta crocuta) result from subordinate exclusion from high quality food resources and aggressive interactions, regardless of chronological age. Griffon vultures are highly social
birds (see reviews in Cortés-Avizanda et al., 2014; van Overveld et al.,
2020) and often engage in aggressive disputes when foraging, especially
when food resources become available in a patchy and predictable way.
This pattern may be further mediated by a clumped distribution of carrion, gathering more individuals at certain predictable places (CortésAvizanda et al., 2010, 2012). Individuals living and foraging in the northern study area must compete for lower quality resources with a greater
number of conspeciﬁcs in a more ecologically challenging environment,
which may explain the negative effect of conspeciﬁc density and the
overall shorter telomere length found in this population.
It would be expected that increased competition for resources would
increase stress levels and hence, levels of circulating GCs (Creel et al.,
2013; Goymann and Wingﬁeld, 2004). However, we did not ﬁnd such
an effect on CORTf. The fact that vultures do not show a GC-based response to the density of conspeciﬁcs does not imply it has no cost. Vultures chronically stressed by the cascading effects of social factors may
also be in poorer body condition (e.g., Mora et al., 1996), likely having
impaired immune responses (e.g., Hawley et al., 2006), further associated with feeding at landﬁlls and intensive farms (e.g., Blanco et al.,
2019; Plaza et al., 2019), ultimately affecting oxidative damage and telomere length (reviewed in Chatelain et al., 2020). Moreover, although
circulating GCs may be closely and functionally linked with telomere
dynamics, the connection between oxidative stress and cellular aging
is not necessarily mediated by these hormones, and the relationships
between GCs and telomere length may differ between species, life history stages, and environmental conditions (reviewed in Angelier et al.,
2018). Mounting numerous and repeated GC stress responses is costly
and reduced sensitivity to particular stressors may be adaptive
(Angelier et al., 2018; Boonstra, 2013). Therefore, our ﬁndings could
suggest that, as occurs with some prey species that do not suffer chronic
stress from predation risk (Boonstra, 2013; Zbyryt et al., 2018), griffon
vultures may be able to cope well in terms of GCs with social stressors
that they have probably dealt with throughout their evolutionary
history.

as occurs in other populations of long-lived species (Fay et al., 2015).
Consequently, longer telomeres would be expected in the northern
population, but we found the opposite. A possible explanation is that
the age of recruitment of griffon vultures, particularly in a dense population with large numbers of ﬂoaters, could be delayed to offset potential differences between individuals and populations. It is important to
note that in long-lived birds, rates of telomere attrition are faster in
early life and a large telomere loss with chronological age seems not
to be the rule (see Angelier et al., 2018 and references therein). Several
longitudinal studies conducted with long-lived birds that involved individuals of known age found that, although adults have generally shorter
telomeres than nestlings, telomere length is unrelated to chronological
age (e.g., Mizutani et al., 2013; Pauliny et al., 2012; Rattiste et al., 2015).
Furthermore, telomere length may vary widely among individuals of
the same age, suggesting that individuals differ in their postnatal exposure or response to telomere-shortening stress factors such as harsh environmental conditions or demanding biological processes (Chatelain
et al., 2020).
Alternatively, observed differences in adult telomere length could
have arisen at earlier life stages, either associated with environmental
conditions during development (e.g., low quality food, see above) or
with parental telomere length. Separating environmental from genetic
effects on a dynamic trait such as telomere length is difﬁcult, but recent
evidence shows high heritability estimates of this trait in wild birds
(Vedder et al., 2021). Therefore, we cannot rule out that the two populations are genetically structured, with vultures from the northern population having consistently short telomeres, which are further passed to
their offspring. Although empirical data are scarce, observations from
ringed individuals indicate that natal dispersal distances of griffon vultures are very low (less than 50 km in most cases, N = 150 recruits, G.
Blanco pers. comm.), which suggests that genetic ﬂow (including telomere length) between these populations may also be low, despite the
high mobility that characterizes this species. More research would be
needed to unravel whether the patterns found are caused by habitat
anthropization and associated population effects. In fact, although additive genetic variance has been found to account for a substantial part of
the phenotypic variation in telomere length, this is not against the growing evidence for the role of stressful conditions in telomere length and
shortening rate (Chatelain et al., 2020; Vedder et al., 2021).
According to our results on CORTf, together with the association between GCs-modulated oxidative stress and telomere dynamics
(Costantini et al., 2011; Haussmann and Marchetto, 2010), we would
expect shorter telomeres in females under the same degree of
anthropization. However, we found that telomere length did not differ
between sexes in both study populations. These ﬁndings suggest that
males, despite being less responsive to stress than females in terms of
GCs levels, respond differently to anthropization, suffering higher levels
of oxidative stress, ultimately translated into accelerated telomere
shortening. It has been proposed that telomeres are either directly or indirectly related to individual variation in life-history strategies and behavior, a relationship that may occur in a state-dependent manner
(Bateson and Nettle, 2018; Giraudeau et al., 2019; Vernasco et al.,
2020; Young, 2018). Interestingly, it has been shown that individuals
with shorter telomeres display bolder and more aggressive personalities (e.g., captive brown trouts Salmo trutta, Adriaenssens et al., 2016)
and that telomere attrition during nestling development is associated
with shorter telomeres and boldness during adulthood (e.g., wild
European starlings Sturnus vulgaris, Bateson et al., 2015; Bateson and
Nettle, 2018), likely causing early death (Wilbourn et al., 2017). The
study by Arrondo et al. (2020a) found higher mortality rates of vultures
in the northern population as compared to the south (41.7% vs. 10.0%),
with non-natural causes of mortality (run over by vehicles, poisoning,
and accidents with infrastructure) being predominant. Living in a
more anthropized area clearly increases risk exposure and levels of
chronic stress for vultures. Birds in poorer overall condition (i.e. shorter
telomeres) may perform worse when dealing with these challenges,

5. Conclusions and perspectives
Telomere length and dynamics are increasingly recognized as integrative biological markers of overall individual condition and quality
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that may be further involved in the adjustment of the pace-of-life speciﬁc to environmental conditions (Angelier et al., 2019; Giraudeau
et al., 2019). Glucocorticoids, on their part, are also known to mediate,
to a large extent, the links between environmental conditions and telomere dynamics (Angelier et al., 2018). This is especially relevant under
current and future levels of habitat anthropization, which is one of the
most important environmental challenges that organisms have to face.
Therefore, understanding the effects of landscape anthropization on individual physiology and population performance is of major importance. Our study, focused on highly social griffon vultures, highlights
the existence of effects of chronic stress associated with living in
anthropized environments on overall individual condition. In addition,
population processes such as intraspeciﬁc competition for resources
and sex-speciﬁc responses to stress might also underlie the observed
differential survival rates between individuals of the two study populations facing different levels of anthropization. These ﬁndings give rise to
stimulating questions for future evolutionary and ecological research
studies, such as the role of telomere length in individual and likely
sex-speciﬁc personalities and responses to environmental risk
(e.g., perception of risk and probability of accidents with human infrastructure when foraging in anthropized landscapes) and, especially, its
impacts on population dynamics. Telomere length and dynamics are
highly heritable (Vedder et al., 2021), and it has been suggested that
the potential signaling function of telomere length as mediators of environmental cues may even reach over generations, advertising on the environmental characteristics during development, and hence boosting
the potential for phenotypic plasticity (Giraudeau et al., 2019). The extent to which the relative importance of these processes may vary between short- and long-lived species remains an open question.
Undoubtedly, all these interrelated topics represent a fascinating avenue of research that will help understand the response of organisms
to environmental changes.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.146920.
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