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Abstract
1.	 Long-distance migrations are among the most physically demanding feats animals 

perform. Understanding the potential costs and benefits of such behaviour is a 
fundamental question in ecology and evolution. A hypothetical cost of migration 
should be outweighed by higher productivity and/or higher annual survival, but 
few studies on migratory species have been able to directly quantify patterns 
of survival throughout the full annual cycle and across the majority of a species’ 
range.

2.	 Here, we use telemetry data from 220 migratory Egyptian vultures Neophron 
percnopterus, tracked for 3,186 bird months and across approximately 70% of the 
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1  | INTRODUC TION

The question of why animals migrate and how migration evolved is 
a central question in ecology (Berthold, 2001; Dingle, 1996). A vari-
ety of potential selective pressures that may drive the evolution of 
migration have been presented, including seasonality of resources, 
interspecific density-dependent effects, predation and parasitism 
(Alerstam & Hedenstrom,  1998). Lack (1954) proposed a unifying 
theory suggesting that if the benefit-to-cost ratio of moving exceeds 
the ratio for staying, then migration will be favoured by natural se-
lection. While these theories have gained support in the literature 
(e.g. McNamara et al., 2008), it has been difficult to estimate costs 
and benefits of migration for highly mobile species across vast ge-
ographies and throughout their full annual cycle (Marra et al., 2015).

Among long-lived species, adult survival contributes more 
to population growth than productivity (Crone,  2001; Sæther & 
Bakke,  2000; Sutherland,  1996). However, survival is mostly in-
ferred from re-sighting of marked animals at particular times of the 
year (Schaub & Royle, 2014), which cannot resolve at which point 

in time mortality occurs between two subsequent observation pe-
riods (Marra et al., 2015). The fundamental prediction of migration 
theory that a survival cost of migration must be compensated by an 
increase in fitness elsewhere has therefore been very challenging to 
test (Sanz-Aguilar et al., 2015).

Recent studies have begun to examine the patterns of survival 
throughout the full annual cycle of migratory birds. These include 
studies based on resightings of marked individuals that are able 
to estimate apparent survival during different annual stages (e.g. 
Lok et al., 2015; Millon et al., 2019; Rockwell et al., 2017; Rushing 
et  al.,  2017; Sillett & Holmes,  2002; Swift et  al.,  2020), as well as 
studies that have used global-scale remote-tracking systems to track 
individuals with great precision, thus enabling the determination of 
the timing and location of mortalities and, thus, estimation of true 
survival throughout the full annual cycle (e.g. Cheng et  al.,  2019; 
Klaassen et al., 2014; Oppel et al., 2015; Senner et al., 2019; Sergio, 
Tavecchia, et  al.,  2019). Together, these studies have provided 
evidence of differential survival by age (e.g. Rotics et  al.,  2016; 
Sergio, Tavecchia, et al., 2019), direct survival costs associated with 
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species’ global distribution, to test for differences in survival throughout the an-
nual cycle.

3.	 We estimated monthly survival probability relative to migration and latitude using 
a multi-event capture–recapture model in a Bayesian framework that accounted 
for age, origin, subpopulation and the uncertainty of classifying fates from tracking 
data.

4.	 We found lower survival during migration compared to stationary periods 
(β = −0.816; 95% credible interval: −1.290 to −0.318) and higher survival on non-
breeding grounds at southern latitudes (<25°N; β = 0.664; 0.076–1.319) compared 
to on breeding grounds. Survival was also higher for individuals originating from 
Western Europe (β = 0.664; 0.110–1.330) as compared to further east in Europe 
and Asia, and improved with age (β = 0.030; 0.020–0.042). Anthropogenic mortal-
ities accounted for half of the mortalities with a known cause and occurred mainly 
in northern latitudes. Many juveniles drowned in the Mediterranean Sea on their 
first autumn migration while there were few confirmed mortalities in the Sahara 
Desert, indicating that migration barriers are likely species-specific.

5.	 Our study advances the understanding of important fitness trade-offs associated 
with long-distance migration. We conclude that there is lower survival associated 
with migration, but that this may be offset by higher non-breeding survival at 
lower latitudes. We found more human-caused mortality farther north, and sug-
gest that increasing anthropogenic mortality could disrupt the delicate migration 
trade-off balance. Research to investigate further potential benefits of migration 
(e.g. differential productivity across latitudes) could clarify how migration evolved 
and how migrants may persist in a rapidly changing world.

K E Y W O R D S

Egyptian vulture, evolutionary ecology, life-history theory, migration cost, movement ecology, 
Neophron percnopterus, satellite telemetry, survival

 13652656, 2021, 5, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.13449 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [11/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1230  |    Journal of Animal Ecology BUECHLEY et al.

migration (e.g. Cheng et  al.,  2019; Klaassen et  al.,  2014; Rushing 
et al., 2017) and carryover effects from conditions in one life stage 
impacting survival in another (e.g. Duriez et  al.,  2012; Rockwell 
et al., 2017; Swift et al., 2020). However, quantifying the effects on 
survival of migratory versus stationary periods and breeding versus 
non-breeding latitudes in a single analytical framework would allow 
for an evaluation of one of the trade-offs associated with migration.

Here, we studied how the survival of a migratory bird related 
to behaviour (migratory vs. stationary periods) and geography (high 
vs. low latitude, representing breeding and non-breeding grounds, 
respectively) throughout the full annual cycle and across approxi-
mately 70% of the species' global distribution, using satellite telem-
etry assembled through a large research collaboration. We studied 
the Egyptian vulture Neophron percnopterus, an endangered long-
distance migratory raptor that ranges across much of southern 
Europe, northern Africa, the Middle East and Central and South Asia 
(BirdLife International, 2020). Migratory Egyptian vultures regularly 
travel >4,000  km between northern breeding and southern win-
tering grounds, and use several distinct migratory flyways (Phipps 
et  al., 2019). Although patterns in survival have been investigated 
separately for subpopulations of this species (Grande et al., 2009; 
Oppel et al., 2015; Sanz-Aguilar et al., 2015, 2017), there has never 
been a formal comparison across the majority of the species' range 
using a unified analytical framework.

We estimated monthly survival probability relative to migration 
and latitude for 220 individual Egyptian vultures that were satellite-
tracked within the last two decades (2007–2020) using a multi-event 
model while accounting for age, origin (wild or captive-bred) and 
the geographical source population of each individual. Our model 
accounted for the fact that the fates of satellite-tracked individuals 
can vary from known (bird recovered dead) to unknown (signal lost) 
by including fate uncertainty in the probability of a bird being alive 
in a given month. Thus, this work provides a conservative quantita-
tive estimate of true survival throughout the full annual cycle and 
across the majority of the range of a migratory bird, thereby advanc-
ing our understanding of the ecological trade-offs associated with 
migration.

2  | MATERIAL S AND METHODS

2.1 | Data acquisition

Between 2007 and 2020, 220 Egyptian vultures were fitted with 
satellite tracking devices in Europe, the Middle East and Africa (e.g. 
Ceccolini et al., 2009; Karyakin et al., 2018; Phipps et al., 2019). All 
individuals were migratory, with temperate breeding grounds in 
Europe and the Middle East and wintering grounds in Sub-Saharan 
Africa and the southern Arabian Peninsula. At the time of transmitter 
deployment, 152 birds were juveniles (≤18 months), and 68 were im-
matures/adults (>18 months). However, as several juvenile birds aged 
into the older age class over the course of the study, our final data-
set included 1,004 juvenile bird months and 2,182 immature/adult 

bird months. Tagged birds included 81 captive-raised individuals that 
were released as part of conservation projects aimed at population 
reinforcement and 14 individuals of wild origin that were released 
with tracking devices after being held in captivity for rehabilitation. 
Tags were similar across age classes and subpopulations, weighing 
between 16 and 48 g (approximately 1%–2% of body mass) and fitted 
in either backpack (n = 134) or leg-loop (n = 86) harness configura-
tions (Anderson et al., 2020). We expect the tagging of vultures with 
transmitters to have little or no impact on survival (Bodey et al., 2018; 
Sergio et al., 2015), and although we cannot rule out the possibility of 
some effect on absolute survival, any effect is unlikely to affect our 
evaluation of monthly survival across migration or latitude within the 
same individual. Tracking data were primarily stored in and accessed 
from Movebank (www.moveb​ank.org; Kranstauber et al., 2011) with 
some data contributed directly by co-authors. Summaries of the data 
by study (Table  S1), subpopulation (Table  S2), year (Table  S3), and 
transmitter type and attachment method (Table S4) are available as 
Supporting Information.

2.2 | Data processing

All data processing steps were completed in R, version 3.6.1 (R Core 
Team,  2019). We censored data to include only the first location 
from each individual each day (Phipps et al., 2019). We then used the 
adehabitatLT package (Calenge, 2006) to compute net displacement 
between successive points, which was used to delineate migration 
periods from stationary periods on breeding and wintering grounds. 
For each month of the study, we evaluated whether each bird exhib-
ited migration in that month, as indicated by directional travel (i.e. 
net displacement) away from the current stationary range and to-
wards the target range (Phipps et al., 2019). While birds may have mi-
grated only part of a month, we classified and estimated survival at a 
monthly scale to provide a conservative test of the survival cost as-
sociated with migration. Of 469 migrations, 57% were 1 month, 39% 
were 2 months, 3% were 3 months and 3 (0.6%) were 4–5 months.

To describe when and where mortality occurred, the fate of each 
individual vulture was determined by a combination of direct obser-
vations and review of tracking data. We classified the fate for each 
vulture in each month it was tracked into five categories: (a) func-
tional tags on a moving animal (‘alive’); (b) transmitter data that indi-
cated mortality (last transmissions did not travel >100 m over two or 
more days or transmission terminated over the Mediterranean Sea 
indicating likely drowning) but which could not be verified in per-
son (‘likely dead’); (c) bird carcass or transmitter recovered by people 
who confirmed that the bird had perished (‘confirmed dead’); (d) bird 
observed alive without corresponding transmitter data (‘confirmed 
transmitter failure’) and (e) transmission ceased with no indication 
of mortality and the bird was not observed thereafter (‘unknown’).

For those birds that had ceased transmissions by the end of our 
acquisition period (October 2020), we summarized the distribution 
of fates in relation to breeding subpopulation, age-class (≤18 months 
or >18 months), origin (wild or captive-bred) and stage of the annual 
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cycle (breeding, fall migration, non-breeding or spring migration). 
We set the age cut-off at 18 months because mortality is expected 
to be much higher during the first migration and juvenile life stage, 
which lacks return migration from wintering grounds to higher lat-
itudes (Grande et al., 2009; Oppel et al., 2015; Sergio et al., 2014). 
Breeding subpopulations were separated into two groups, with in-
dividuals from breeding grounds in Western Europe that migrated 
through the Strait of Gibraltar (France, Portugal and Spain) grouped 
as ‘western’, while the rest of the birds, originating in Central and 
Eastern Europe, the Caucasus and the Middle East were grouped as 
‘eastern’. This grouping was based on differences in migration ecol-
ogy and population trends. Phipps et al.  (2019) demonstrated that 
the migrations of Egyptian vultures from the eastern Mediterranean 
Basin and the Middle East were up to twice as long and less di-
rect than those from Western Europe, and the Western European 
subpopulation is broadly stable (Del Moral & Molina, 2018; Oppel 
& Margalida,  2020), whereas all other studied subpopulations are 
declining (Arkumarev et  al.,  2018; Karimov & Mammadov,  2019; 
Liberatori & Penteriani,  2001; Mayrose et  al.,  2017; Velevski 
et al., 2015). Finally, because the raw number of fates does not ac-
count for the amount of time birds spend in certain regions, we also 
summarized the number of ‘losses’ in relation to the total amount 
of time spent by tracked birds in three geographical zones, namely 
the sub-Saharan wintering areas (latitude <20°N), the Sahara and 
Arabian deserts (latitude 20–30°N), and European and Middle 
Eastern breeding grounds (>30°N).

2.3 | Survival analyses

We estimated monthly survival probability of tracked birds using a 
multi-event capture–recapture model (Genovart et al., 2012; Zúñiga 
et al., 2017) that included five observable events (described as ‘fates’ 
above), as well as three true states, namely, that (a) an animal was 
alive with a functioning tag; (b) alive without a functioning tag (trans-
mitter failure) or (c) dead.

The probability of an animal to be in any of the three latent true 
states given that it was observed in one of the five observation 
events was modelled based on the probability to receive data from 
an animal, the probability for a tag to fail and the probability to find a 
dead animal once it died. The probability of tag failure was modelled 
as a function of tag age and transmission history. The probability to 
recover a dead bird was modelled as a function of latitude because 
the much higher observer density and the more accessible terrain at 
northern latitudes (i.e. Europe) made it more likely that dead birds 
would be recovered.

We were mostly interested in assessing whether survival dif-
fered between migratory and stationary periods and between 
breeding and non-breeding grounds. We therefore estimated the 
probability to survive from 1 month to the next, based on whether 
the bird migrated in that month and whether the bird was north or 
south of 25°N (i.e. the approximate central latitude of the Sahara 
and Arabian Deserts). We chose a monthly interval for survival 

estimation because the very high (>99%) survival over shorter inter-
vals for a long-lived species renders the estimation of parameter un-
certainty problematic (Lebreton et al., 1992), and a month including 
‘migration’ would also include stopovers and carry-over effects and 
thus provide a more conservative test of the effect of migration. We 
evaluated the latitudinal effect only for birds older than 18 months 
because we did not mark fledglings in Africa, and the latitudinal 
effect would therefore be confounded by generally lower survival 
during the first 1.5 years of life. Besides these predictors of interest, 
we also accounted for other known sources of variation in survival 
probability. We accounted for breeding subpopulation by classifying 
birds as either ‘western’ or ‘eastern’ (as justified above). We included 
age as a continuous variable up to a maximum value of 54 months, 
that is, when Egyptian vultures reach full adult plumage because sur-
vival probability in migratory raptors is known to increase with age 
(Grande et al., 2009; Sergio et al., 2014). Although survival may de-
crease at old age, we were unable to test for such an effect because 
we were not able to ascertain the age of birds with adult plumage 
and we only tracked adult birds for a maximum of 8 years. Given the 
typically long life span of Egyptian vultures (at least 20 years), we 
consider it unlikely that the late onset of senescence that has been 
demonstrated in similarly long-lived vultures (>28 years; Chantepie 
et al., 2016) had a material effect on our conclusions (Nisbet, 2001). 
We therefore kept our numerical variable ‘age’ constant at 54 months 
for all birds that passed this age threshold.

We also included a factor that specified whether birds originated 
from the wild or were captive-bred, given that captive-bred birds 
often have lower survival in the wild (Evans et  al.,  2009; Mihoub 
et  al.,  2014; Nicoll et  al.,  2004; Smart et  al.,  2010). Finally, given 
that our data were accumulated over a time span of 13 years, we 
accounted for the possibility of temporal variation in survival proba-
bility due to environmental influences by including a random effect 
that allowed survival probability to vary in each year.

We used a Bayesian framework for inference and parameter 
estimation. The code of our model is available in Appendix 1. We 
used a mildly informative positive prior for the effect of the western 
subpopulation, because this population has a shorter migration and 
is generally stable and thus likely has higher survival than subpopu-
lations farther east (Oppel & Margalida, 2020; Phipps et al., 2019). 
We used vague normally distributed priors for all other parameters, 
and conducted a prior sensitivity test to ensure that biologically 
plausible survival estimates resulted from our prior distributions, 
and that a different choice of priors did not affect our conclusions 
(Banner et al., 2020). We fit the survival model in the program JAGS 
(Plummer, 2015), called from r via the package jagsUI (Kellner, 2016). 
We ran three Markov chains for 25,000 iterations each, discarded 
the first 5,000 iterations and used every fifth iteration for inference. 
Convergence of the three chains for all monitored parameters was 
visually inspected using trace plots and tested using the Gelman–
Rubin diagnostic (Brooks & Gelman,  1998). We present posterior 
estimates of monthly survival with 95% credible intervals for our 
variables of interest. We also present median parameter estimates 
(β) for covariates on the logit scale with 95% credible intervals and 
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assume that covariates did not affect monthly survival probability if 
the 95% credible intervals included zero.

To facilitate interpretation and comparison with other survival 
estimates, we extrapolated our monthly survival probabilities to an-
nual survival probabilities. To estimate annual survival, we specified 
age (in months), subpopulation, captive or wild origin, latitude (north 
or south of 25°N) and migratory stage for each month of the year, 
estimated monthly survival based on our model, and then multiplied 
these 12 monthly survival probabilities. To account for migration, we 
assigned one migratory month to juveniles, since they generally do 
not migrate out of Africa in their second calendar year, and two mi-
gratory months and 6 months at lower latitude for adults to account 
for fall and spring migration (Phipps et al., 2019).

3  | RESULTS

3.1 | Dataset and fates

Tagged individuals ranged over nearly 7,000 longitudinal kilometres 
from Western Africa to the Arabian Peninsula, and >4,500 latitudi-
nal kilometres from Europe to sub-Saharan Africa, covering approxi-
mately 70% of the species' current global distribution (Figure 1). Of 
the 220 birds, 173 were from eastern breeding subpopulations (i.e. 
Italy, the Balkans, Middle East or Caucasus; 92 wild and 81 captive-
bred) and 47 were from breeding subpopulations in Western Europe 
(i.e. Spain, France, Portugal; all wild). Individuals were tracked for a 

median of 6 months, with a range of 1–98 months (i.e. over 8 years), 
and a total of 3,186 bird months including 469 migrations. Final fate 
classifications at the end of the study period included 72 individu-
als alive, 52 confirmed dead, 38 likely dead, 8 confirmed transmitter 
failures and 50 unknowns (Figure 1).

There were proportionally more likely and confirmed mor-
talities from the eastern as compared to western subpopulations 
(Figure  1; Table  S5), more for juveniles, and more during fall mi-
gration than any other annual stage (Figure 1), despite individuals 
spending less time on migration than on breeding or non-breeding 
grounds. Likely and confirmed mortalities were primarily concen-
trated in the northeastern part of the study region, particularly the 
eastern Mediterranean Basin. We recorded few mortalities in the 
Sahara Desert despite many birds crossing the desert twice per 
year (Figure 1). However, several unknown fates were recorded at 
the periphery of the desert, some of which may reflect the last re-
corded positions of individuals before mortalities that could have 
occurred in the Sahara. When corrected for the time birds spent 
in different geographical regions, the number of unknown fates 
per tracking year was similar across regions while the number of 
confirmed deaths was proportionally greater further north (Figure 
S1). In all, 17 individuals had their last positions terminate over the 
Mediterranean Sea, and thus likely drowned (i.e. Oppel et al., 2015). 
Additionally, nine individuals were confirmed to have died from 
electrocution or collision with energy infrastructure, seven were 
persecuted by humans (shot or trapped), six died of seemingly natu-
ral causes (four exhaustion, two predation), six were poisoned, two 

F I G U R E  1   Overview of tracking data and locations where lost individuals were last recorded colour-coded according to their respective 
fate. For clarity here, fates classified as either ‘likely dead’ or ‘confirmed dead’ were grouped as ‘dead’. Tracks are colour-coded by 
geographical subpopulation (i.e. ‘western’ or ‘eastern’)
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died from train collision and for the remaining 43 individuals the 
causes of death were unknown (Table  S5). Overall, when includ-
ing birds that likely drowned, 51.1% (24 of 47) of mortalities with a 
known cause were anthropogenic.

3.2 | Survival probability throughout the 
annual cycle

Using data from 220 individuals collectively tracked for 3,186 bird 
months, we found reduced survival probability during months in 
which birds migrated as compared to stationary months, and higher 
monthly survival at latitudes <25°N as compared to farther north 
for birds older than 18 months (Table 1), but the uncertainty in this 

effect was greater than for the migration effect. Monthly survival 
was also higher for Egyptian vultures from Western Europe, and 
increased with age (Table 1; Figure 2). Birds of captive-bred origin 
tended to have marginally lower survival, but the uncertainty in this 
effect was larger than the mean effect size (Table 1).

Estimated survival probability during months that included mi-
gration was 0.905 (median, 0.803 lower credible limit, 0.966 upper 
credible limit) compared with 0.955 (0.909–0.984) during a station-
ary month at northern latitudes for juveniles in the first month after 
fledging, which gradually increased to 0.979 (0.947–0.993) during 
migration compared to 0.990 (0.978–0.997) at northern latitudes 
and 0.995 (0.988–0.998) at southern latitudes for stationary adult 
vultures (Table  S6). Based on these estimates of monthly survival 

TA B L E  1   Median, lower (lcl) and upper (ucl) 95% credible limits 
of parameter estimates affecting monthly true survival probability 
of satellite-tracked Egyptian vultures, estimated with a multi-event 
model accounting for uncertainty of assigning fates of birds for 
which the signal was lost. Note that the age of birds was specified 
in months (1–54) while all other covariates were binary

Parameter Median lcl ucl

Monthly survival 
(intercept)

2.884 2.387 3.390

Migration −0.816 −1.290 −0.318

Captive-bred −0.275 −0.745 0.184

Western Europe 0.664 0.110 1.330

Age (in months) 0.030 0.020 0.042

Latitude < 25°N 0.664 0.076 1.319

Note: All estimates are on the logit scale.

F I G U R E  2   Predicted median monthly 
survival probability (with 95% credible 
intervals) of satellite-tracked Egyptian 
vultures during migration and while at 
different latitudes (on breeding grounds 
north of 25°N, or on non-breeding 
grounds south of 25°N) estimated from 
a multi-event model accounting for 
captive origin, age and geographical 
subpopulation. Note that survival of 
young birds at southern latitudes was not 
estimated because our marking efforts 
of young birds were concentrated in 
northern latitudes

TA B L E  2   Extrapolated annual survival probability 
(median ± 95% credible limits) for juvenile and adult Egyptian 
vultures from two geographical subpopulations. Annual 
survival estimates were derived from monthly estimates and 
extrapolated based on model predictions for 12 months of the 
year and accounting for typical geographical movements of each 
subpopulation. Reported estimates are median survival, and lower 
(lcl) and upper (ucl) credible limits

Population Age class Origin
Survival 
(median)

Survival 
(lcl)

Survival 
(ucl)

Eastern Adult Captive 0.861 0.767 0.917

Eastern Adult Wild 0.892 0.827 0.936

Eastern Juvenile Captive 0.458 0.283 0.604

Eastern Juvenile Wild 0.547 0.393 0.681

Western Adult Wild 0.943 0.896 0.971

Western Juvenile Wild 0.731 0.569 0.850
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probability, we extrapolated annual survival probabilities to range 
from 0.458 for captive-bred juveniles from the eastern subpop-
ulation to 0.943 for wild adults from the western subpopulation 
(Table 2).

4  | DISCUSSION

We revealed broad patterns in survival across most of the range 
of a long-distance soaring migrant bird, the Egyptian vulture. We 
showed that survival was lower during months when a bird mi-
grated as compared to stationary periods, and higher on non-
breeding grounds in Sub-Saharan Africa as compared to breeding 
grounds in southern Europe, the Caucasus and the Middle East. 
This result indicates that there is a direct survival cost associated 
with long-distance migration, but that this lower survival during 
migration could be offset by the higher survival at southern non-
breeding grounds. These results are consistent with theoretical pre-
dictions about the evolution and maintenance of migratory systems 
(Alerstam & Hedenstrom, 1998; Salewski & Bruderer, 2007; Swift 
et al., 2020), and enable future quantitative predictions about the 
increase in productivity that would favour the evolution of migra-
tory populations from stationary populations.

The higher survival at southern non-breeding grounds is not only 
of ecological and evolutionary relevance but also has implications 
for the conservation of migratory species. The population declines 
of many long-distance migratory birds are often presumed to be a 
consequence of deteriorating conditions at non-breeding areas 
(Sanderson et al., 2006; Vickery et al., 2014), but, despite large un-
certainty in the latitude parameter, we found that proportionally 
more mortalities occurred farther north. We also found that approx-
imately half of the mortalities for which a cause could be inferred 
were related to human activities or infrastructure (Table  S5). This 
suggests that the delicate trade-off that currently exists between 
the costs and benefits of migration could be easily disrupted by an 
increasing level of human-caused mortality anywhere along the mi-
gratory flyway.

Our results are consistent with recent studies that have shown 
that migratory birds tend to experience a direct survival cost asso-
ciated with migration (e.g. Cheng et al., 2019; Klaassen et al., 2014; 
Rushing et  al.,  2017), or show differences in seasonal survival be-
tween breeding and non-breeding seasons (Duriez et  al.,  2012; 
Robinson et  al.,  2020; Swift et  al.,  2020). For example, Klaassen 
et  al.  (2014) found daily mortality rates about six times higher on 
spring migration compared to the stationary summer period for 
three species of raptors migrating between Europe and Sub-Saharan 
Africa. In addition, Senner et al. (2019) also found high mortality for 
a shorebird during spring migration in the Sahara, whereas we found 
very few mortalities in the Sahara, despite our dataset including 323 
Sahara crossings.

The apparently higher survival during the Sahara crossing of 
Egyptian vultures as compared to other birds may be attributable 
to species-specific behavioural adaptations (e.g. Efrat et al., 2019). 

Thus, what constitutes a natural barrier that incurs a significant sur-
vival cost on migration is likely species-specific. The most prominent 
natural barrier that reduced survival during migration for Egyptian 
vultures was the Mediterranean Sea (Oppel et al., 2015). Although 
some raptor species are able to effectively cross large water bodies 
(e.g. Duriez et al., 2018; Monti et al., 2018), this is evidently challeng-
ing for thermal-soaring migrants like vultures (Agostini et al., 2015; 
Panuccio et  al.,  2012). However, the mortality associated with 
this natural barrier was limited to young and inexperienced birds 
(Table S5), which is consistent with other studies that show that the 
first autumn migration is the riskiest period for juvenile birds (Cheng 
et al., 2019).

The magnitude of the risk of a natural migration barrier to young 
birds on their first migration was particularly evident when compar-
ing the annual survival of young birds between geographical sub-
populations (Table 1). The higher survival of the western European 
birds may be explained by the more direct migration with a very 
short sea crossing at Gibraltar (Phipps et  al.,  2019), and the fact 
that anthropogenic mortalities were higher in the east and included 
many immature/adult birds (Figure 1; Table S5). These two factors 
may reduce survival and recruitment sufficiently to explain why all 
breeding subpopulations are declining apart from those in Western 
Europe, which are stable or increasing (Arkumarev et  al.,  2018; 
Karimov & Mammadov, 2019; Liberatori & Penteriani, 2001; Oppel 
& Margalida, 2020; Velevski et al., 2015). Different exposure to both 
natural and anthropogenic threats may also explain the higher an-
nual survival found in mark–resight studies for resident island pop-
ulations compared to continental migrant populations of Egyptian 
vultures (Sanz-Aguilar et  al.,  2015). However, our study suggests 
that the survival cost of migration for adult birds might be offset by 
their higher survival at lower latitudes during winter than at north-
ern latitudes. This result is inconsistent with higher annual survival 
of resident populations at northern latitudes. We therefore caution 
that our conclusions of the relative survival benefit of migration rest 
on the assumption that monthly survival probability at northern lat-
itudes outside of the breeding season is not higher than during the 
breeding season. We encourage tests of this hypothesis with data 
that may become available in the near future (Morant et al., 2020).

We also caution that the effect sizes that we found for the survival 
differences between migration and stationary periods and north and 
south latitudes were surrounded by large uncertainty. This uncer-
tainty was a consequence of several confounding variables (like age, 
and geographical and captive origin) but also due to our framework 
that incorporated the uncertainty in the actual fate of birds when 
transmitter signals were lost. Previous studies either assumed that 
lost signals indicated death under certain conditions (e.g. Klaassen 
et  al.,  2014), or relied on data collected by the transmitters to in-
form mortality assessments (Sergio, Tanferna, et  al.,  2019; Sergio, 
Tavecchia, et al., 2019). We also included information from transmit-
ters, but treated the fate of many birds for which the signal was lost 
as unknown. The uncertainty in our parameter estimates therefore 
appropriately accounts for the problem that it is not always possible 
to know the fates of satellite-tracked animals. Nonetheless, despite 
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the large uncertainty, our study indicates that survival at southern 
non-breeding grounds is higher than at northern breeding grounds 
and therefore presents a potential trade-off with the survival cost of 
long-distance migration.

The regions south of the Sahara that were used by non-breeding 
birds in our sample also have breeding populations of Egyptian vul-
tures, which may have been the original source populations from 
which migratory populations evolved (Rappole & Jones,  2002; 
Zink, 2002). Although our study indicates a potential survival trade-
off, the complete cost–benefit trade-off of migration is difficult to 
quantify because it would require an evaluation of all factors con-
tributing to fitness, including both survival and productivity. Our 
finding that survival is higher at southern latitudes suggests that 
migrating to northern breeding grounds should facilitate higher 
productivity than breeding at southern latitudes, to compensate for 
the migration cost. However, we also show that many mortalities 
occurring at northern breeding grounds were human-induced in 
our study, which may not always have occurred at this intensity in 
the past (Arrondo et al., 2020). Thus, increased human pressure at 
northern breeding grounds may affect the cost–benefit trade-off of 
migration, and understanding both survival and productivity of res-
ident populations would further illuminate the fitness trade-offs as-
sociated with long-distance migration (Sanz-Aguilar et al., 2015). The 
delicate balance between the cost and benefit of migration may be 
disrupted by increasing anthropogenic mortality along a migratory 
route, and warrants further research to identify possible changes in 
the maintenance of migration systems due to recent anthropogenic 
or environmental changes (Wilcove & Wikelski, 2008).
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