
Ecology and Evolution. 2023;13:e10371.	 		 	 | 1 of 18
https://doi.org/10.1002/ece3.10371

www.ecolevol.org

Received:	12	April	2023  | Revised:	4	July	2023  | Accepted:	11	July	2023
DOI: 10.1002/ece3.10371  

R E S E A R C H  A R T I C L E

Insularity determines nestling sex ratio variation in Egyptian 
vulture populations

Guillermo Gómez- López1,2  |   Ana Sanz- Aguilar3,4  |   Martina Carrete5 |   
Eneko Arrondo6,7 |   José Ramón Benítez8 |   Olga Ceballos9 |   Ainara Cortés- Avizanda10,11 |   
Félix de Pablo12 |   José Antonio Donázar11 |   Óscar Frías5 |   Laura Gangoso2  |   
Marina García- Alfonso11  |   José Luis González1 |   Juan Manuel Grande13 |   
David Serrano11 |   José Luis Tella11 |   Guillermo Blanco1

1Department	of	Evolutionary	Ecology,	National	Museum	of	Natural	Sciences,	Spanish	National	Research	Council,	Madrid,	Spain
2Department	of	Biodiversity,	Ecology	and	Evolution,	Faculty	of	Biology,	Complutense	University	of	Madrid,	Madrid,	Spain
3Animal	Demography	and	Ecology	Group,	Institut	Mediterrani	d'Estudis	Avançats,	Spanish	National	Research	Council,	Mallorca,	Spain
4Applied	Zoology	and	Conservation	Group,	Universitat	de	les	Illes	Balears,	Palma,	Spain
5Department	of	Physical,	Chemical	and	Natural	Systems,	Pablo	de	Olavide	University,	Sevilla,	Spain
6Department	of	Zoology,	University	of	Granada,	Granada,	Spain
7Department	of	Applied	Biology,	Miguel	Hernández	University,	Elche,	Spain
8Department	of	Biodiversity,	Agencia	de	Medioambiente	y	Agua,	Junta	de	Andalucía,	Sevilla,	Spain
9UGARRA,	Pamplona,	Spain
10Department	of	Plant	Biology	and	Ecology,	University	of	Seville,	Sevilla,	Spain
11Department	of	Conservation	Biology,	Doñana	Biological	Station,	Spanish	National	Research	Council,	Sevilla,	Spain
12Department	of	Environment	and	Biosphere	Reserve,	Consell	Insular	de	Menorca,	Plaza,	Maó,	Spain
13ColBEC,	INCITAP-	CONICET-	UNLPam/FCEyN-	UNLPam,	Santa	Rosa,	Argentina

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided	the	original	work	is	properly	cited.
©	2023	The	Authors.	Ecology and Evolution	published	by	John	Wiley	&	Sons	Ltd.

Correspondence
Guillermo	Gómez-	López,	Department	of	
Evolutionary	Ecology,	National	Museum	
of	Natural	Sciences,	Spanish	National	
Research	Council,	José	Gutiérrez	Abascal	
2,	28006	Madrid,	Spain.
Email: g.gomezlp@mncn.csic.es

Funding information
Spanish	Ministry	of	Economy,	Industry	and	
Competitiveness,	Grant/Award	Number:	
CGL2013-	42451-	P,	CGL2010-	15726	
and	CGL2007-	61395;	Spanish	Ministry	
of	Science	and	Innovation,	Grant/Award	
Number:	RTI2018-	099609-	B-	C21	and	
PID2019-	109685GB-	I00;	Junta	de	
Andalucía,	Grant/Award	Number:	FEDER	
2021_1073,	EMERIGIA	2021.1524	and	
P18-	RT-	1321;	Diputación	General	de	
Aragón;	Gobierno	de	las	Islas	Baleares;	
Gobierno	de	Canarias;	Cabildo	Insular	
de	Fuerteventura;	Junta	de	Castilla	y	
León;	Comunidad	de	Bardenas	Reales	

Abstract
Variation	in	offspring	sex	ratio,	particularly	in	birds,	has	been	frequently	studied	over	
the	 last	 century,	 although	 seldom	using	 long-	term	monitoring	 data.	 In	 raptors,	 the	
cost	of	raising	males	and	females	is	not	equal,	and	several	variables	have	been	found	
to	have	significant	effects	on	sex	ratio,	including	food	availability,	parental	age,	and	
hatching	order.	Sex	ratio	differences	between	island	populations	and	their	mainland	
counterparts	 have	 been	 poorly	 documented,	 despite	 broad	 scientific	 literature	 on	
the	island	syndrome	reporting	substantial	differences	in	population	demography	and	
ecology.	Here,	we	assessed	individual	and	environmental	factors	potentially	affecting	
the	secondary	sex	ratio	of	the	long-	lived	Egyptian	vulture	Neophron percnopterus.	We	
used	data	collected	from	Spanish	mainland	and	island	populations	over	a	ca.	30-	year	
period	(1995–	2021)	to	assess	the	effects	of	insularity,	parental	age,	breeding	phenol-
ogy,	brood	size,	hatching	order,	type	of	breeding	unit	(pairs	vs.	trios),	and	spatial	and	
temporal	variability	on	offspring	sex	ratio.	No	sex	bias	was	found	at	the	population	
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1  |  INTRODUC TION

Long-	term	studies	are	essential	for	understanding	the	ecological	and	
evolutionary	 processes	 that	 operate	 in	 wild	 populations	 (Sheldon	
et	al.,	2022).	Variation	in	offspring	sex	ratio	has	been	frequently	ad-
dressed	over	the	last	century	(Mayr,	1939;	Payevsky,	2021),	although	
rarely	 using	 long-	term	 monitoring	 data	 (Rosenfield	 et	 al.,	 2015; 
Warkentin	et	al.,	2022).	In	birds,	offspring	sex	ratio	can	be	catego-
rized	 as	 primary	 or	 secondary	 depending	 on	whether	 it	 refers	 to	
the	proportion	of	males	over	females	at	fertilization	or	at	hatching,	
respectively	 (Mayr,	1939).	 Following	Fisher's	 sex	allocation	 theory	
(Fisher,	 1930),	 numerous	 studies	 have	 confirmed	 that	 offspring	
sex	ratio	tends	to	be	1:1	 in	different	species	and	populations	(e.g.,	
Clutton-	Brock,	1986;	Donald,	2007;	 Ellegren	 et	 al.,	1996;	Gómez-	
López	et	al.,	2022;	Gowaty,	1993).	Although	Fisher's	statement	of	
sex	 ratio	parity	 is	based	on	 the	 idea	 that	 the	cost	of	 rearing	male	
and	 female	offspring	 is	 the	 same	 (Fisher,	1930),	 this	 is	not	 true	 in	
species	that	exhibit	sexual	size	dimorphism	(Komdeur	&	Pen,	2002; 
Navara,	 2018;	 Szász	 et	 al.,	 2012),	 which	 would	 cause	 differential	
parental	 investment	in	male	and	female	offspring	and,	therefore,	a	
biased	sex	ratio	(Szász	et	al.,	2012).	Additionally,	environmental	con-
ditions	 during	 breeding,	 such	 as	weather	 or	 food	 availability,	may	
add	variation	to	the	costs	of	producing	offspring	of	different	sexes	
and	thus	affect	offspring	sex	ratio,	favoring	a	greater	investment	in	
the	sex	that	maximizes	parental	fitness	(Trivers	&	Willard,	1973).

Facultative	 parental	 manipulation	 of	 the	 primary	 sex	 ratio	
(Alonso-	Alvarez,	2006;	Pike	&	Petrie,	2003;	West	et	al.,	2002) and 
differential	egg	or	chick	mortality	during	the	period	between	laying	
and	fledging	(Bradbury	&	Blakey,	1998;	Nager	et	al.,	2000;	Székely	
et	al.,	2006)	are	the	two	main	mechanisms	that	can	bias	the	offspring	

sex	ratio.	Despite	intensive	research	over	the	last	decades,	the	pro-
cesses	 underlying	 parental	manipulation	 or	 differential	 early	mor-
tality	 remain	 poorly	 understood	 (Navara,	 2018) and the range of 
environmental	and	 individual	 factors	 influencing	both	mechanisms	
has	proven	to	be	broad,	complex,	and	interconnected	(Hasselquist	&	
Kempenaers,	2002;	West	et	al.,	2002).

Raptors,	specifically,	are	characterized	by	a	reversed	sexual	di-
morphism,	with	females	being	the	larger	sex	and	thus	tending	to	have	
higher	 growth	 requirements	 and	 parental	 investment	 (Anderson	
et	 al.,	1993;	 Frumkin,	1989;	Riedstra	et	 al.,	1998). Offspring sex 
ratio	in	raptors	is	often	biased	by	food	availability,	with	poor	years	
often	associated	with	higher	production	of	males,	the	less	costly	
sex	 (Arroyo,	2002;	Dzus	et	al.,	1996;	Wiebe	&	Bortolotti,	1992). 
The	age	of	breeders,	which	 is	closely	related	to	their	experience	
and	performance	(Curio,	1983;	Forslund	&	Pärt,	1995),	also	seems	
to	 influence	offspring	sex	ratio	 in	raptors,	with	younger	and	 less	
experienced	breeders	tending	to	raise	males	more	often	(Blank	&	
Nolan,	1983;	Ferrer	et	al.,	2009;	Warkentin	et	al.,	2022). Breeding 
timing	can	also	affect	offspring	sex	ratio,	either	by	increasing	the	
proportion	of	females	at	the	beginning	of	the	breeding	season	and	
that	of	males	at	the	end	(Mora	et	al.,	2010;	Ristow	&	Wink,	2004; 
Tschumi	et	al.,	2019),	or	vice	versa	(Daan	et	al.,	1996;	Smallwood	
&	Smallwood,	1998;	Tella	et	al.,	1996),	depending	on	the	species.	
Postnatal	 dispersal	 patterns	 may	 also	 cause	 biases	 in	 offspring	
sex	 ratio,	with	 overproduction	 of	 the	 dispersing	 sex—	females	 in	
birds,	including	raptors—	being	relatively	common	(Gowaty,	1993; 
Greenwood,	1980),	especially	under	conditions	of	high	conspecific	
density	(Ferrer	et	al.,	2009;	Morandini	et	al.,	2019).	Moreover,	the	
type	of	breeding	unit	(e.g.,	pairs	or	trios)	can	affect	breeding	suc-
cess	and	population	productivity	(Carrete,	Donázar,	Margalida,	&	
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level,	but	two	opposite	trends	were	observed	between	mainland	and	island	popula-
tions	consistent	with	 the	 island	syndrome.	Offspring	sex	ratio	was	nonsignificantly	
female-	biased	 in	 mainland	 Spain	 (0.47,	 n = 1112)	 but	 significantly	 male-	biased	 in	
the	Canary	Islands	(0.55,	n = 499),	where	a	male-	biased	mortality	among	immatures	
could	be	compensating	for	offspring	biases	and	maintaining	a	paired	adult	sex	ratio.	
Temporal	and	spatial	variation	in	food	availability	might	also	have	some	influence	on	
sex	 ratio,	 although	 the	difficulties	 in	quantifying	 them	preclude	us	 from	determin-
ing	the	magnitude	of	such	influence.	This	study	shows	that	insularity	influences	the	
offspring	sex	ratio	of	the	Egyptian	vulture	through	several	processes	that	can	affect	
island	and	mainland	populations	differentially.	Our	research	contributes	to	improving	
our	understanding	of	sex	allocation	theory	by	investigating	whether	sex	ratio	devia-
tions	from	parity	are	possible	as	a	response	to	changing	environments	comprised	by	
multiple	and	complexly	interrelated	factors.

K E Y W O R D S
demography,	islands,	Neophron percnopterus,	nestling	sex,	offspring	sex	ratio,	sex	sequence

T A X O N O M Y  C L A S S I F I C A T I O N
Demography,	Population	ecology
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Bertran,	 2006)	 and	 thus	 influence	 offspring	 sex	 ratio	 (Nisbet	 &	
Hatch,	1999).	 For	 instance,	 Bearded	Vulture	 (Gypaetus barbatus) 
trios	 show	 a	 lower	 productivity	 than	 pairs,	 suggesting	 that	 the	
third	breeding	individual	is	costly	(Carrete,	Donázar,	Margalida,	&	
Bertran,	2006),	even	 though	 there	should	be	additional	parental	
care	provided	by	the	subordinate	(e.g.,	food	provisioning;	Bertran	
&	Margalida,	2002).

Effects	of	brood	size	on	offspring	 sex	 ratio	have	been	docu-
mented	in	several	raptor	species,	with	greater	biases	in	the	smallest	
or	largest	broods,	while	intermediate-	sized	broods	tend	to	show	a	
balanced	sex	 ratio	 (Dijkstra	et	al.,	1998;	Warkentin	et	al.,	2022). 
Most	raptors	also	show	asynchronous	hatching,	in	which	the	old-
est	and	 thus	 largest	nestling	 receives	more	 food,	 irrespective	of	
its	sex	(Slagsvold,	1990).	Although	this	does	not	apparently	favor	a	
particular	sex	(Slagsvold	et	al.,	1986),	nestling	sex	has	been	found	
to	vary	according	to	the	hatching	order.	In	mixed-	sex	broods,	first-	
hatched	 nestlings	 are	 usually	 females	 in	 some	 species,	 such	 as	
the	Peregrine	Falcon	Falco peregrinus	 (Olsen	&	Cockburn,	1991),	
Montagu's	Harrier	Circus pygargus	 (Leroux	&	Bretagnolle,	1996),	
Eurasian	Kestrel	Falco tinnunculus	(Blanco	et	al.,	2003),	Eleonora's	
Falcon	Falco eleonorae	 (Xirouchakis	 et	 al.,	2022),	 and	Bald	 Eagle	
Haliaeetus leucocephalus	(Bortolotti,	1986),	and	more	often	males	
in	others	such	as	the	Harris'	Hawk	Parabuteo unicinctus	 (Bednarz	
&	Hayden,	1991)	and	Scops	Owl	Otus scops	 (Blanco	et	al.,	2002). 
These	variations	 in	 first-	hatched	nestlings	are	mainly	due	 to	pa-
rental	control	of	the	sex	within	the	egg	sequence	and/or	by	food	
monopolization	and	siblicide	by	the	first-	hatched	nestling	over	the	
youngest	 (Bortolotti,	1986;	 Simmons,	1988). If the first nestling 
belongs	to	the	larger	sex,	the	second	faces	a	double	disadvantage—	
being	 smaller	 because	of	both	 sex	 and	hatching	order—	although	
this	 can	 be	 compensated	 for	 by	 lower	 resource	 requirements	
or	 faster	 growth	 (Clutton-	Brock,	 1986;	 Legge	 et	 al.,	 2001). 
Conversely,	 if	 the	 smaller	 sex	 hatches	 first,	 competitive	 interac-
tions	between	siblings	are	likely	to	increase	as	intrabrood	hierar-
chies	are	reversed	(Legge	et	al.,	2001).	Rearing	male-	only	broods	
alternating	with	female-	only	broods	could	be	a	way	to	avoid	dom-
inance	 problems	 derived	 from	 sexual	 size	 dimorphism	 and	 even	
hatching	order	(Bortolotti,	1986).	Different	combinations	of	sexes	
have	been	found	 in	 females	producing	broods	of	more	 than	two	
nestlings,	in	some	cases	taken	to	the	extreme	(e.g.,	long	unbroken	
sequences	 of	 the	 same	 sex	 over	 consecutive	 broods	 and	 years;	
Heinsohn	et	al.,	1997).

Spatial	 differences	 in	 offspring	 sex	 ratio	within	 species	 have	
also	 been	 addressed	 in	 the	 scientific	 literature,	 with	 some	 em-
phasis	 on	 the	 so-	called	 “island	 syndrome.”	 This	 phenomenon	
illustrates	the	unique	traits	of	populations	 living	on	 islands	com-
pared	with	mainland	 populations,	 such	 as	morphology	 (e.g.,	 size	
or	 shape),	 physiology	 (e.g.,	 immune	 system),	 demography	 (e.g.,	
fecundity,	 growth,	 survival,	 dispersal,	 or	 density),	 behavior	 (e.g.,	
territoriality	 or	 aggressiveness),	 and	 general	 ecology	 (e.g.,	 hab-
itat	 niche,	 competition,	 or	 life-	history	 strategies;	Blondel,	2000; 
Covas,	 2016;	 Losos	 &	 Ricklefs,	 2009;	 Whittaker	 &	 Fernández-	
Palacios,	 2007).	 In	 long-	lived	 land	 birds	 with	 deferred	 sexual	

maturity	 that	 occur	 both	 on	 islands	 and	 the	mainland,	 this	 syn-
drome	 may	 lead	 to	 strong	 differences	 in	 their	 population	 dy-
namics.	 For	 example,	 many	mainland	migratory	 raptors	 become	
sedentary	on	islands	(Donázar	et	al.,	2005;	Ferrer	et	al.,	2011). In 
the	absence	of	costs	associated	with	migration	or	new	threats	at	
wintering	areas,	survival	on	islands	can	be	higher	than	in	mainland	
populations,	especially	when	human-	related	mortality	factors	are	
reduced	 (Badia-	Boher	 et	 al.,	 2019;	 Buechley	 et	 al.,	 2021;	 Sanz-	
Aguilar	 et	 al.,	 2012;	 Sanz-	Aguilar,	 De	 Pablo,	 &	 Donázar,	 2015; 
Sergio	 et	 al.,	 2014).	 Young	 individuals	 can	 also	 gain	 experience	
more	 quickly	 and	 breed	 for	 the	 first	 time	 earlier	 than	 their	 mi-
gratory	counterparts,	 facilitating	 the	persistence	of	 island	popu-
lations	 (Ferrer	 et	 al.,	 2004,	2011).	 On	 the	 contrary,	 populations	
inhabiting	islands	are	usually	small	and	thus	particularly	prone	to	
inbreeding	 depression,	which	might	 result	 in	 lower	 genetic	 vari-
ability	and	greater	susceptibility	to	environmental	changes	(Agudo	
et	al.,	2012;	Kretzmann	et	al.,	2003;	Lande,	1988).	The	proportion	
of	nonbreeding	individuals	is	also	generally	higher	in	island	than	in	
mainland	populations	 (Blanco	et	al.,	2009;	Donázar	et	al.,	2002),	
and	negative	density-	dependent	effects	on	survival	and	reproduc-
tion	are	also	more	likely	in	the	former	(Brouwer	et	al.,	2009). All of 
these	factors	can	affect	offspring	sex	ratio	in	island	populations.	
For	instance,	high	conspecific	densities,	constrained	by	an	absent	
or	limited	dispersal	in	islands,	may	cause	more	difficulties	in	rais-
ing	offspring	of	the	more	costly	sex	since	high-	quality	territories	
might	be	scarcer	(Bonal	&	Aparicio,	2008;	Ferrer	&	Donazar,	1996). 
Venables	 and	 Brooke	 (2015),	 using	 an	 interspecific	 approach,	
showed	male-	biased	sex	ratios	in	adult	individuals	of	island	versus	
mainland	 species.	However,	 factors	 operating	 on	 adult	 sex	 ratio	
(e.g.,	mortality	factors	or	dispersal	ability)	are	not	expected	to	be	
the	same	as	those	affecting	offspring	sex	ratio.	To	our	knowledge	
though,	there	are	no	studies	addressing	variation	in	offspring	sex	
ratio	 in	 long-	lived	avian	species	 inhabiting	both	 island	and	conti-
nental areas.

Here,	 we	 explored	 factors	 potentially	 affecting	 the	 second-
ary	 sex	 ratio	 in	mainland	and	 island	breeding	populations	of	 the	
Egyptian	 vulture	Neophron percnopterus,	 a	 long-	lived	 raptor	 that	
rears	one	or	two	nestlings	per	season.	We	assessed	offspring	sex	
ratio	 variation	 across	 regions,	 as	well	 as	 the	effects	of	 breeding	
phenology,	brood	size,	hatching	order,	parental	age,	type	of	breed-
ing	unit	(pairs	vs.	trios),	and	food	availability	on	the	probability	of	
a	nestling	being	a	male	(see	Table 1).	Given	that	male	Egyptian	vul-
tures	are	smaller	and,	presumably,	the	least	costly	sex	to	produce,	
we	predict	that	more	males	would	be	produced	(i)	in	island	popula-
tions,	(ii)	in	years	with	lower	food	availability,	(iii)	in	breeding	units	
formed	 by	 younger	 parents,	 (iv)	 as	 second-	hatched	 nestlings	 (in	
multiple	broods),	and	(v)	when	hatching	later	in	the	breeding	sea-
son.	Contrary	to	most	studies	on	variation	 in	offspring	sex	ratio,	
we	 take	 advantage	 of	 long-	term	monitoring	 programs	 (i.e.,	 over	
the	last	30 years)	performed	in	mainland	Spain,	the	Canary	Islands	
and	 the	 Balearic	 Islands.	 Long-	term	 data	 allow	 us	 to	 determine	
sex	ratio	patterns	that	are	influenced	by	seasonal	and	interannual	
changes	like	food	availability,	weather	conditions	and	population	
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density	(Griggio	et	al.,	2002),	something	that	is	not	feasible	from	
short-	term	monitoring.	Furthermore,	short-	term	studies	are	gen-
erally	 conducted	with	 small	 sample	 sizes,	 which	may	 yield	 non-
significant	results	due	to	low	statistical	power	and	Type	II	errors	
(Rosenfield	et	al.,	1996).	Analyses	of	short-	term	datasets	may	also	
involve	Type	I	errors,	since	initially	significant	results	may	become	
nonsignificant	once	the	sample	 increases	substantially	and	 inter-
year	variability	 is	 considered	 (Hasselquist	&	Kempenaers,	2002). 
Hence,	the	effects	of	environmental	and	social	factors	that	are	op-
erating	in	the	long-	term,	especially	in	long-	lived	species,	can	only	
be	detected	with	data	collected	over	large	temporal	windows	that	
allow	us	to	understand	the	real	importance	of	selective	pressures	
operating	on	sex	ratio	adjustment	(Rosenfield	et	al.,	2015).

2  |  MATERIAL S AND METHODS

2.1  |  Species and study area

The	Egyptian	 vulture	 is	 an	obligate	 avian	 scavenger	 that	 occupies	
open	 and	 rugged	 areas	 of	 the	 Circum-	Mediterranean,	 the	Middle	
East,	 sub-	Saharan	Africa,	 central	Asia	 and	 India,	 as	well	 as	 islands	
of	 the	 Indian	 Ocean,	 the	 Mediterranean	 Sea,	 and	 Macaronesia	
(Birdlife	 International,	2021).	 Its	 broad	 diet	 includes	 not	 only	 car-
casses	of	domestic	 livestock	and	wild	vertebrates	but	also	organic	

waste,	 insects,	 eggs,	 and	 feces	 (Cramp	 &	 Simmons,	 1980;	 Negro	
et	al.,	2002).	Although	it	is	a	territorial	species	during	breeding,	in-
dividuals	can	congregate	at	 feeding	and	 roosting	sites	 (Ceballos	&	
Donázar,	1990).	The	European	population	 is	mainly	migratory	and	
overwinters	 in	 Africa,	 while	 the	 island	 populations	 are	 sedentary	
(Cramp	&	Simmons,	1980;	Sanz-	Aguilar,	De	Pablo,	&	Donázar,	2015). 
Adults	 are	 highly	 philopatric,	 especially	 males	 (Grande,	 2006; 
Serrano	 et	 al.,	2021).	 It	 is	 a	 relatively	 small	 vulture	 (ca.	 2 kg),	 and	
females	 are	 slightly	 larger	 and	 weigh	 10%–	15%	 more	 than	 males	
(Sanz-	Aguilar	 et	 al.,	 2017).	 Individuals	 typically	 nest	 on	 cliffs	 and	
form	 monogamous	 pairs,	 although	 polyandrous	 and	 polygynous	
trios	can	also	occur	(Tella,	1993;	Van	Overveld	et	al.,	2020).	Females	
lay	 one	 or	 two	 eggs	 between	 April	 and	May.	 Incubation	 lasts	 ca.	
42 days	 (Donázar	 et	 al.,	 1994),	 and	nestlings	 become	 independent	
approximately	3 months	after	hatching	(Donázar	&	Ceballos,	1990). 
There	 are	 no	 apparent	 differences	 in	 juvenile	 survival	 rates	 be-
tween	sexes	(Grande	et	al.,	2009),	but	breeding	females	and	young	
breeding	males	display	 lower	survival	compared	with	older	breed-
ing	males	 in	 some	populations	 (Sanz-	Aguilar	 et	 al.,	2017). Despite 
some	 behavioral	 differences,	 both	 sexes	 invest	 similar	 parental	
effort	 throughout	 the	 breeding	 period	 (Donázar,	 1993;	 Morant	
et	al.,	2019).	Individuals	from	the	Canary	Islands	also	show	a	sexual	
asymmetry	 in	 foraging	 behavior	 that	 could	 be	 associated	with	 in-
tersex	competition	for	resources,	with	females	using	supplementary	
feeding	 stations	preferentially	 and	males	visiting	more	 farms	 (Van	

TA B L E  1 Explanatory	variables	included	on	each	scale	of	analysis	and	their	description.

Variable name Description Alla
Peninsular 
Spainb

Canary 
Islandsc

Balearic 
Islands

Region Breeding	nucleus	where	nestlings	were	born	(peninsular	
Spain:	Andalusia,	Aragon,	Navarra,	Segovia;	islands:	
Canary	Islands,	Balearic	Islands)

+ +

Insularity Mainland	or	island +

Territory Territory	where	nestlings	hatched + + + +

Year Year	of	birth	of	nestlings + + + +

Mad-	cow	crisis Hatching	period	of	nestlings	(before,	during	or	after	the	
mad-	cow	crisis)

+ + + +

Hatching	date Hatching	date	of	nestlings	(in	Julian	date) + + +

Brood	size Number	of	known	nestlings	comprising	each	brood	(one	or	
two)

+ + + +

Hatching	order Order	of	hatching	of	nestlings	in	each	brood	(single	nestling,	
first-	hatched	in	double	brood	or	second-	hatched	in	
double	brood)

+ + +

Breeding	unit Pair	or	trio +

Parental	age Age	of	parents	(only	banded	breeders)	at	the	year	of	birth	of	
their nestling

+ +

Conspecific	density Annual	number	of	breeding	pairs + +

Population	trend Difference	between	the	number	of	breeding	pairs	in	each	
year	and	the	number	of	breeding	pairs	one	to	seven	years	
earlier

+

aWe	excluded	the	Balearic	Islands	from	the	general	analysis	since	no	data	on	hatching	date	and	order	were	available.
bWe	performed	an	additional	analysis	for	peninsular	Spain	using	a	data	subset	with	the	age	of	male	and	female	breeders	available	only.
cWe	performed	an	additional	analysis	for	the	Canary	Islands	using	a	data	subset	with	the	age	of	male	and	female	breeders	available	only.
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Overveld	et	al.,	2018).	The	species	is	listed	as	“Endangered”	globally	
(Birdlife	International,	2021)	and	as	“Vulnerable”	in	Europe	(Birdlife	
International,	2020),	while	the	subspecies	N.p. majorensis,	endemic	
to	 the	 Canary	 Islands,	 is	 also	 considered	 “Endangered”	 (Spanish	
Royal	Decree	139/2011).

2.2  |  Fieldwork and sampling procedures

The	present	study	took	advantage	of	the	long-	term	monitoring	pro-
grams	of	Egyptian	vultures	in	northern,	central,	and	southern	Spain	
(Communities	of	Aragon,	Navarra,	Castilla	y	Leon,	and	Andalusia),	as	
well	as	in	the	Canary	and	Balearic	Islands,	thus	including	some	of	the	
most	important	breeding	nuclei	in	Spain	(Figure 1).	Populations	were	
monitored	from	1995	to	2021,	although	each	region	was	surveyed	
over	different	periods	(see	Section	3).	During	part	of	each	breeding	
season	 (April–	May),	 fieldwork	was	 carried	out	 to	detect	 territorial	
individuals	and	 their	 identity	and	assess	 the	 type	of	breeding	unit	
(pair:	male	 and	 female,	 or	 trio:	 two	males	 and	 one	 female	 or	 two	
females	 and	one	male)	 and	whether	 they	 raise	nestlings	 and	 their	

number	(breeding	success	and	brood	size,	respectively),	when	pos-
sible.	As	it	is	difficult	to	determine	whether	a	single	nestling	belongs	
to	a	single	brood	or	is	the	remaining	nestling	of	a	brood	of	two	after	
brood	 reduction,	we	assumed	 that	brood	 size	was	one	when	only	
one	nestling	was	found	in	the	nest.	Observations	were	made	with	
telescopes	 at	 long	 distances	 to	minimize	 disturbances.	 From	May	
to	August,	we	accessed	successful	nests	when	nestlings	were	typi-
cally	45–	65 days	old	to	mark	them	with	metal	and	plastic	bands	with	
alphanumeric	 codes,	which	 allow	 individual	 identification	 at	 a	dis-
tance.	Hatching	order	was	assessed	in	double	broods	according	to	
differences	 in	nestling	body	size	 (mainly	weight,	and	wing	and	 tail	
length)	 and	 plumage	 development.	 A	 blood	 sample	 was	 obtained	
from	 the	brachial	 vein	of	 each	nestling	 and	preserved	 in	 absolute	
ethanol	for	molecular	sexing.	Molecular	sexing	was	done	following	
Griffiths	et	al.	(1996)	for	samples	collected	between	1995	and	1997,	
and	Fridolfsson	and	Ellegren	(1999) for samples collected from 1998 
onwards.	In	those	cases	where	brood	reduction	took	place,	it	hap-
pened	prior	to	the	moment	of	banding,	so	no	biases	are	expected	in	
this	regard.	As	we	did	not	know	the	sex	of	nestlings	that	died	before	
banding,	our	analyses	focused	on	the	secondary	sex	ratio.

F I G U R E  1 Location	of	the	Egyptian	vulture	breeding	regions	(black	circles)	used	for	the	present	study	in	peninsular	Spain	and	the	Canary	
(Fuerteventura	and	Lanzarote)	and	Balearic	(Menorca)	Islands.	Next	to	each	region,	note	the	study	period	and	sample	size.	Dark	red	spots	
correspond	to	confirmed	breeding	pairs	in	the	2018	national	census,	while	light	red	spots	indicate	pairs	whose	reproduction	is	likely.	Figure	
modified	from	Del	Moral	and	Molina	(2018).	Photo	credit:	Guillermo	Blanco.
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2.3  |  Statistical analyses

We	used	Monte	Carlo	simulations	to	evaluate	whether	the	sex	ra-
tios	of	the	studied	regions	were	significantly	biased	while	control-
ling	for	differences	in	sample	sizes.	Briefly,	for	each	breeding	region,	
we	ran	1000	simulations	by	randomly	picking	a	number	of	nestlings	
equal	 to	 its	 sample	 size	 from	 a	 theoretical	 set	 of	 3000	 nestlings	
with	a	balanced	sex	ratio	(1:1)	and	calculating	the	resulting	sex	ratio.	
Significance	tests	were	generated	by	counting	the	number	of	rand-
omized	cases	that	resulted	in	a	value	equal	to	or	greater/lower	than	
the	observed	 sex	 ratio	of	 the	 region	 (compiling	 all	 years	 sampled)	
and	then	dividing	by	1000	(i.e.,	the	total	number	of	randomizations;	
Serrano	et	al.,	2008).

We	ran	univariate	models	 (generalized	linear	models;	GLMs)	to	
explore	the	potential	effect	of	the	year	(fixed	factor)	on	the	proba-
bility	of	a	nestling	being	a	male	using	four	datasets,	namely	all	nest-
lings	pooled	together,	and	nestlings	from	peninsular	Spain,	Canary	
Islands,	 and	 Balearic	 Islands	 analyzed	 separately.	 We	 then	 used	
generalized	 linear	mixed	models	 (GLMMs)	 to	assess	 the	effects	of	
hatching	date,	natal	region	(i.e.,	peninsular	Spain—	Andalusia,	Aragon,	
Navarra,	 Segovia;	 Islands—	Canary	 Islands,	 Balearic	 Islands),	 brood	
size	 (one	or	 two	nestlings),	 hatching	 order	 (single,	 first,	 or	 second	
nestlings),	the	type	of	breeding	unit	(pair	or	trio;	only	for	the	Canary	
Islands),	and	food	availability	(i.e.,	period	of	the	mad-	cow	crisis,	see	
below;	Table 1)	on	the	probability	of	a	nestling	being	a	male	 (logit	
link	 function;	binomial	error	distribution;	see	a	similar	approach	 in	
Gómez-	López	et	al.,	2022).	Although	we	first	assessed	the	effects	
of	our	explanatory	variables	on	the	offspring	sex	ratio	of	Egyptian	
vultures	 across	 the	 entire	 studied	 distribution,	 ecological	 and	 ge-
netic	differences	between	island	and	mainland	populations,	as	well	
as	between	both	islands,	support	the	need	to	also	perform	separate	
models	 for	 peninsular	 Spain,	 the	 Canary	 Islands,	 and	 the	 Balearic	
Islands (Table 1).	Hatching	date	and	order	could	not	be	calculated	
for	nestlings	from	the	Balearic	Islands	as	no	biometrical	data	were	
available,	so	analyses	for	 these	 islands	were	performed	separately	
using	GLMMs	with	brood	size	and	food	availability	as	explanatory	
variables	only	 (Table 1).	We	estimated	nestling	age	 (in	days)	using	
two	methods.	For	individuals	banded	in	Navarra,	Aragon,	Andalusia,	
and	the	Canary	Islands,	the	age	of	single	and	first-	hatched	nestlings	
of	double	broods	was	estimated	from	a	linear	regression	relating	the	
length	of	 the	 seventh	primary	 to	 age	 (Donázar	&	Ceballos,	1989). 
Second-	hatched	nestlings	of	double	broods	were	considered	to	hatch	
5 days	later	than	their	older	sibling	(Donázar	&	Ceballos,	1989).	For	
Segovia	(Castilla	y	Leon),	since	no	data	on	primary	length	were	avail-
able,	we	estimated	nestling	age,	regardless	of	their	hatching	order,	
using	a	regression	of	the	weight	of	nestlings	of	known	age	from	the	
nearby	broods	in	Navarra	and	Aragon	(Figure S3).	The	hatching	date	
of	each	nestling	was	estimated	by	back-	calculating	from	the	band-
ing	date	and	expressed	as	Julian	date	(Julian	day	number	1	assigned	
to	 January	 1).	 Some	 breeders	 from	Andalusia	 (n = 14),	 the	 Canary	
Islands (n = 80),	and	Segovia	(n = 7)	were	banded	as	nestlings,	which	
allowed	us	to	know	their	identity	and	age.	It	is	worth	mentioning	that	
there	is	a	good	age	representation	among	breeders,	with	individuals	

ranging	from	4	to	19	and	20 years	old	(a	female	and	a	male,	respec-
tively,	which	were	still	alive	 in	the	2021	breeding	season).	Ages	of	
breeding	males	and	females	were	included	in	the	analyses	not	only	
as	their	raw	ages	(in	years)	but	also	as	categorical	variables	follow-
ing	 Badia-	Boher	 et	 al.	 (2019;	 subadults:	 individuals	 younger	 than	
6 years	old,	adults:	6–	15 years	old,	and	old	adults:	older	than	15 years	
old)	and	Sanz-	Aguilar	et	al.	(2017;	young	adults:	7 years	old	or	less,	
and	old	adults:	8 years	old	or	more).	As	the	identity	of	the	breeders	
was	only	available	for	a	proportion	of	nestlings,	we	used	subsets	of	
data	for	each	region	available	(peninsular	Spain	and	Canary	Islands;	
Table 1) to explore the effect of male and female age on offspring 
sex	ratio	separately,	controlling	for	the	effect	of	parental	identity	on	
nestling	sex	by	including	male	or	female	identity	as	a	random	factor.	
Food	availability	was	assessed	taking	into	account	changes	resulting	
from	the	implementation	of	the	European	sanitary	guidelines	after	
the	 outbreak	 of	 the	 Bovine	 Spongiform	 Encephalopathy	 (i.e.,	 the	
mad-	cow	crisis)	in	the	early	2000s,	which	limited	the	amount	of	live-
stock	carcasses	available	to	vultures	and	other	scavengers	(Almaraz	
et	al.,	2022;	Donázar,	Margalida,	Carrete,	&	Sánchez-	Zapata,	2009). 
Thus,	 following	 Blanco	 (2014),	 food	 availability	was	 included	 as	 a	
fixed factor with three levels corresponding to the main stages of 
the	 mad-	cow	 crisis,	 namely	 (i)	 prerestrictive	 period	 (1990–	2001),	
before	 the	 mad-	cow	 crisis,	 characterized	 by	 a	 high	 availability	 of	
livestock	 carcasses	 in	 the	 field	 for	 vultures;	 (ii)	 restrictive	 period	
(2002–	2011),	during	the	mad-	cow	crisis,	when	the	abandonment	of	
livestock	carcasses	was	limited	by	new	sanitary	regulations	(i.e.,	CE	
1774/2002)	 and	 there	was	a	 severe	 shortage	of	 food	 for	 vultures	
(around	80%	of	 the	 livestock	biomass	 available	before	 this	 period	
was	removed;	Donázar,	Margalida,	&	Campión,	2009); and (iii) post-
restrictive	 period	 (2012	 onwards),	 when	 the	 use	 of	 livestock	 car-
casses	for	scavengers	became	more	flexible	(i.e.,	CE	142/2011	and	
RD	1632/2011)	 and	 food	 availability	 increased	gradually	 (Almaraz	
et	al.,	2022;	Morales-	Reyes	et	al.,	2017).	“Year”	and	“territory”	were	
included	as	random	factors	in	all	models	to	avoid	pseudoreplication.	
Collinearity	 between	 continuous	 variables	was	 checked	 using	 the	
variance	inflation	factor	(VIF).	Bonferroni	post	hoc	tests	were	used	
to	compare	 the	 levels	of	each	variable	with	a	significant	effect	on	
nestling	sex	(package	lsmeans;	Lenth,	2016).	Finally,	using	data	from	
the	Canary	 Islands,	where	monitoring	has	been	much	more	 inten-
sive	(Badia-	Boher	et	al.,	2019),	we	calculated	the	repeatability	in	the	
probability	 that	a	breeding	 female	 (of	known	 identity),	pair	or	 trio	
reared	a	male	offspring	across	years	as	an	indicator	of	the	existence	
of	a	bias	in	the	offspring	sex	ratio	in	each	of	them.	Repeatability	anal-
yses	were	performed	using	the	package	rptR	 (Stoffel	et	al.,	2017). 
Complementarily,	we	explored	the	offspring	sex	sequences	of	breed-
ing	females,	pairs	and	trios	 (with	known	 identity)	 from	the	Canary	
Islands that raised at least two nestlings of known sex (n = 63,	n = 40	
and n = 5,	respectively)	by	means	of	two-	tailed	binomial	tests.

Insularity	might	mask	 the	 effect	 of	 other	 factors	 on	 offspring	
sex	ratio,	such	as	conspecific	density	and	population	trend.	In	the	is-
lands,	Egyptian	vultures	are	resident	and	the	only	obligate	scavenger	
species,	inhabit	a	limited	space,	and	are	well	monitored	over	years.	
Therefore,	using	the	annual	number	of	breeding	pairs	as	a	proxy,	we	
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tested	the	effect	of	conspecific	density	on	annual	offspring	sex	ratio	
on	 both	 islands	 separately	 through	 GLMs	 (identity	 link	 function;	
Gaussian	error	distribution).	Besides,	 focusing	on	 the	more	exten-
sive	data	from	the	Canary	Islands,	we	assessed	whether	population	
trend	could	affect	the	annual	offspring	sex	ratio	(GLM;	identity	link	
function,	Gaussian	error	distribution),	using	different	time	windows	
to	estimate	 it.	Specifically,	we	used	seven	variables,	each	one	cal-
culated	as	the	difference	between	the	number	of	breeding	pairs	in	
each	year	and	the	number	of	breeding	pairs	(i)	the	previous	year,	(ii)	
2 years	earlier,	(iii)	3 years	earlier,	(iv)	4 years	earlier,	(v)	5 years	earlier,	
(vi)	6 years	earlier,	and	(vii)	7 years	earlier,	to	account	for	time	lags	in	
the	effects	of	population	trend	on	offspring	sex	ratio.	The	range	of	
7 years	was	selected	considering	the	typical	age	of	first	reproduction	
in	this	species	(Sanz-	Aguilar	et	al.,	2017).

Model	selection	was	based	on	the	Akaike	Information	Criterion	
adjusted	for	small	sample	size	(AICc;	Burnham	&	Anderson,	2002). 
Within	each	set	of	models	 (which	 includes	 the	null	model	but	not	
models	that	did	not	converge),	we	calculated	the	ΔAICc	(i.e.,	the	dif-
ference	between	the	AICc	of	model	i	and	that	of	the	best	model),	and	
the Akaike weight (w)	of	each	model	(Burnham	&	Anderson,	2002). 
All	models	obtained	for	each	scale	of	analysis	 (i.e.,	 subset	of	data)	
were	built	using	the	same	amount	of	data	to	make	their	AICc	com-
parable.	Models	within	2	AICc	units	of	the	best	were	considered	as	
alternative	(Burnham	&	Anderson,	2002)	and	were	used	to	perform	
model	averaging	(package	MuMIn;	Barton,	2017). An effect received 
no,	 weak,	 or	 strong	 support	 when	 the	 95%	 confidence	 interval	
strongly	overlapped	zero,	barely	overlapped	zero,	or	did	not	overlap	
zero,	respectively.	However,	we	will	also	discuss	these	alternative	in-
dividual	models	to	better	understand	the	effects	of	our	explanatory	
variables	 (Banner	&	Higgs,	2017).	We	used	 the	DHARMa	package	
(Hartig,	2022)	 to	 assess	 the	 fit	 of	 the	 final	models.	DHARMa	em-
ployed	a	simulation-	based	approach	to	create	standardized	residuals	
(values	between	0	and	1)	for	fitted	(generalized)	linear	(mixed)	mod-
els	 and	 to	 test	 the	 significance	of	 the	dispersion	parameter,	 zero-	
inflation,	 and	 goodness-	of-	fit	 of	 the	 model	 (H0:	 fitted	 model	 fits	

the	data	well).	Statistical	analyses	were	performed	in	RStudio	4.1.2	
(RStudioTeam,	2021).

3  |  RESULTS

The	overall	sex	ratio	of	Egyptian	vulture	nestlings	was	1:1	(n = 1661;	
829	males	and	832	females).	However,	it	was	slightly	female-	biased	
in	peninsular	Spain	compared	with	the	Canary	Islands,	where	it	was	
significantly	 male-	biased	 (Table 2,	 Figure 2; see Figure S1 for all 
histograms).

Pooling	nestlings	from	peninsular	Spain	or	from	the	islands,	we	
found	no	significant	differences	(all	p > .05)	toward	a	particular	sex	
in	any	year,	with	sex	ratios	fluctuating	between	0.26–	0.65	and	be-
tween	0.25	and	0.69,	respectively	(Figure 2; see Table S1	for	results	
of	 specific	models	 testing	 for	 differences).	 This	 same	pattern	was	
observed	for	all	nestlings	grouped	together	(range	0.26–	0.64).

In	 double	 broods,	 we	 found	 a	 significant	 bias	 in	 the	 Canary	
Islands	toward	two-	male	broods	rather	than	two-	female	broods,	in	
accordance	with	the	male-	biased	offspring	sex	ratio	on	these	islands	
(Table 3).	No	biased	patterns	were	found	for	the	other	regions,	nei-
ther	when	comparing	mixed	broods	with	a	 first-	hatched	male	and	
mixed	broods	with	a	first-	hatched	female	(Table 3).	Also,	the	number	
of	single-	sex	broods	was	not	significantly	different	from	that	of	dif-
ferent	sexes	in	any	region	(Table 3).

3.1  |  Effects of parental age on offspring sex ratio

The	age	of	the	breeding	individuals	(female:	range = 4–	19 years	old,	
n = 44;	male:	range = 4–	20 years	old,	n = 57)	did	not	affect	the	prob-
ability	of	a	nestling	being	a	male,	neither	when	data	from	peninsular	
areas	were	considered	nor	when	only	data	from	the	Canary	Islands	
were	used	(Table S2).	Models	including	other	proxies	of	parental	age	
(categorical)	yielded	similar	results	(Table S3).

Region (study period) n Males Females
Sex 
ratio

2.5% 
CI

97.5% 
CI

Peninsular	Spain 1112 528 584 0.47 0.48 0.52

Andalusia	(2000–	2021) 268 123 145 0.46 0.44 0.56

Aragon	(1995–	2004) 237 113 124 0.48 0.44 0.56

Navarra	
(1995–	2004/2010–	2021)

425 208 217 0.49 0.46 0.54

Segovia	(2004–	2021) 182 84 98 0.46 0.43 0.57

Islands 549 301 248 0.55 0.46 0.54

Canary	Islands	(1998–	2021) 499 275 224 0.55 0.46 0.54

Balearic Islands (1998– 2003) 50 26 24 0.52 0.36 0.62

All 1661 829 832 0.50 0.48 0.52

Note:	Sex	ratios	are	expressed	as	the	proportion	of	males	over	the	total	number	of	nestlings	sexed.	
In	bold,	values	of	observed	sex	ratios	outside	the	95%	confidence	interval	(CI)	obtained	in	the	
simulations.

TA B L E  2 Number	of	male	and	female	
Egyptian	vulture	nestlings	and	secondary	
sex ratio in the different sampled regions 
of	Spain	(mainland	and	islands).
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3.2  |  Effects of individual and environmental 
factors on offspring sex ratio

All	candidate	models	included	the	effect	of	insularity	on	the	probabil-
ity	of	an	Egyptian	vulture	nestling	being	a	male	(Table 4).	Probability	
was	 higher	 in	 the	 Canary	 Islands	 (55.1%	 males,	 44.9%	 females;	
n = 499)	compared	with	the	mainland	(47.5%	males,	52.5%	females;	
n = 1112).	Offspring	sex	 ratio	was	also	male-	biased	after	 the	mad-	
cow	crisis,	when	livestock	carcasses	were	again	progressively	aban-
doned	in	the	field	(53.3%	males,	46.7%	females;	n = 713),	compared	
with	 the	 other	 two	 periods	 (before:	 47.8%	males,	 52.2%	 females;	
n = 372;	during:	46.6%	males,	53.4%	females;	n = 526).	However,	post 
hoc	 tests	were	 only	marginally	 significant	 for	 the	 comparison	 be-
tween	the	periods	after	and	during	the	crisis	(p = .0585).	Brood	size	
and	hatching	date	were	also	included	in	the	set	of	alternative	models	

(ΔAICc < 2),	although	the	95%	CI	of	their	estimates	overlapped	zero	
(Table 4; see Table S5	for	model	outputs).

3.2.1  |  Peninsular	Spain

In	peninsular	Spain,	we	found	no	differences	among	natal	regions	in	
the	secondary	sex	ratio	but	a	higher	probability	of	a	nestling	being	a	
male	in	the	period	after	the	mad-	cow	crisis	(Table 5).	Nevertheless,	
post	hoc	tests	showed	no	significant	differences	between	the	three	
periods	considered,	suggesting	a	very	weak	effect.	Brood	size,	hatch-
ing	 date	 and	 hatching	 order	 were	 included	 in	 alternative	 models	
(ΔAICc < 2)	but	their	estimates	were	not	different	from	zero	(Table 5).

When	 analyzing	 only	 first-	hatched	 nestlings	 from	 double	
broods	 in	 peninsular	 Spain,	 the	 probability	 of	 a	 nestling	 being	 a	

F I G U R E  2 Secondary	sex	ratio	(i.e.,	proportion	of	males	over	the	total	number	of	nestlings	sexed	per	year;	solid	line)	of	Egyptian	vultures	
for	peninsular	Spain	(dark	blue)	and	the	islands	(light	blue),	over	the	study	years	(1995–	2021).	Bars	show	sample	sizes.	Vertical	dashed	lines	
divide	the	main	stages	of	the	mad-	cow	crisis	(before,	during,	and	after;	see	Section	2	for	details).	The	horizontal	dashed	line	marks	a	paired	
(0.5) sex ratio.

TA B L E  3 Frequency	of	sex	combinations	in	double	broods	of	the	different	regions	sampled	(n = 391):	two	males	(mm),	two	females	(ff),	or	
both	sexes,	with	the	male	(mf)	or	the	female	(fm)	being	the	older	nestling.

Region mm ff p- Value mf fm p- Value Single sex Mixed sex p- Value

Peninsular	Spain 77 84 .6364 71 83 .3755 161 154 .7354

Andalusia 12 15 .7011 11 21 .1102 27 32 .6029

Aragon 14 22 .2430 15 22 .3240 36 37 1.0000

Navarra 38 34 .7239 31 24 .4188 72 55 .1554

Segovia 13 13 1.0000 14 16 .8555 26 30 .6889

Islands 31 13 .0096

Canary	Isl. 27 12 .0237 20 12 .2153 39 32 .4767

Balearic Isl. 4 1 .3750 – – – – – – 

All 108 97 .4850 91 95 .8260 205 186 .3627

Note:	“Single	sex”	broods	consist	of	two	males	or	two	females,	while	“mixed	sex”	broods	correspond	to	broods	formed	by	one	male	and	one	female,	
regardless of their hatching order. p-	values	correspond	to	the	two-	sided	binomial	tests.	In	bold,	significant	p-	values.
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    |  9 of 18GÓMEZ-LÓPEZ et al.

male	 was	 higher	 after	 the	 mad-	cow	 crisis	 (55.6%	 males,	 44.4%	
females; n = 124;	 Table 6; see Table S7	 for	 model	 outputs).	
Additionally,	the	nonsignificant	post hoc	tests	suggest	a	very	small	
effect	of	 the	natal	 region.	Models	obtained	considering	only	the	
second-	hatched	nestlings	from	double	broods	showed	no	effects	
of	any	variable	(Table 6).

3.2.2  |  Islands

On	the	Balearic	Islands,	no	variable	showed	a	significant	relationship	
with	the	probability	of	a	nestling	being	a	male	(Table S8).	Brood	size	
was	 included	 in	one	of	 the	alternative	models	 (ΔAICc < 2),	but	 the	
95%	CI	of	its	estimate	overlapped	zero	(Table S8).

On	the	Canary	Islands,	where	the	offspring	sex	ratio	was	biased	
toward	males,	we	 found	a	higher	probability	of	 a	nestling	being	 a	
male	 in	 the	 first	 nestling	 of	 double	 broods	 compared	 with	 single	
nestlings (Table 7).	 However,	 post hoc tests were not significant 
(p = .1255).	The	other	variables	considered,	some	of	them	included	
in the alternative models (ΔAICc < 2),	did	not	contribute	to	explain	
nestling sex (Table 7).

Neither	conspecific	density,	measured	as	the	annual	number	of	
breeding	pairs,	nor	the	different	population	trend	estimates	used	for	
the	Canary	Islands,	influenced	the	offspring	sex	ratio	(models	with	
ΔAICc > 2;	Tables S10 and S11,	respectively).

3.3  |  Sex ratio and sex sequences in breeding 
females, pairs and trios from the Canary Islands

Neither	 females	nor	breeding	pairs	with	 known	 identity	 from	 the	
Canary	Islands	showed	a	clear	tendency	to	systematically	rear	male	

TA B L E  4 Alternative	models	(ΔAICc < 2)	obtained	to	assess	the	
effects	of	hatching	date	(hatching	date),	region	(region),	insularity	
(insularity),	food	availability	(mad-	cows),	brood	size	(brood	size),	
and	hatching	order	(order)	on	the	probability	of	an	Egyptian	vulture	
nestling	being	a	male	(n = 1611).

Model selection

Model df AICc ΔAICc w

Insularity	+	brood	
size

5 2230.89 0.00 0.19

Insularity 4 2232.42 1.53 0.09

Insularity	+ 
mad-	cows

6 2232.66 1.76 0.08

Insularity	+	mad-	
cows +	brood	
size	+ hatching 
date

8 2232.67 1.78 0.08

Insularity	+	brood	
size	+ hatching 
date

6 2232.73 1.84 0.08

Model averaging

Variable Estimate SE 2.5% CI 97.5% CI

Intercept −0.21 0.11 −0.43 0.01

Brood	size	(2) 0.20 0.11 −0.01 0.40

Insularity (island) 0.32 0.13 0.06 0.57

Mad- cows (post) 0.25 0.12 0.02 0.48

Mad-	cows	(pre) 0.11 0.14 −0.17 0.38

Hatching	date −0.03 0.07 −0.16 0.10

Note:	Estimates,	standard	errors	(SE),	and	95%	confidence	intervals	(CI)	
were	obtained	after	model	averaging.	All	models	were	run	including	
year	and	territory	as	random	terms.	The	null	model	was	included	in	
our	set	of	models.	In	bold,	significant	effects	(i.e.,	the	95%	CI	does	
not	overlap	zero).	All	models	run	are	shown	in	Table S4.	Model	fits	
are shown in Figure S2.	Nestlings	from	the	Balearic	Islands	were	
excluded	from	this	analysis	since	data	on	hatching	date	and	order	were	
unavailable.
Abbreviations:	AICc,	Akaike	information	criterion	corrected	for	
small	sample	sizes;	df,	degrees	of	freedom;	w,	Akaike	weight;	ΔAICc,	
difference	between	the	AICc	of	model	i	and	that	of	the	best	model	(i.e.,	
the	model	with	the	lowest	AICc).

TA B L E  5 Alternative	models	(ΔAICc < 2)	obtained	to	assess	
the	effects	of	hatching	date	(hatching	date),	region	(region),	food	
availability	(mad-	cows),	brood	size	(brood	size),	and	hatching	order	
(order)	on	the	probability	of	an	Egyptian	vulture	nestling	being	a	
male	in	peninsular	Spain	(n = 1112).

Model selection

Model df AICc ΔAICc w

Null 3 1543.78 0.00 0.17

Mad-	cows 5 1544.15 0.38 0.14

Brood	size 4 1544.17 0.40 0.14

Mad-	cows	+	brood	
size

6 1544.42 0.64 0.12

Order 5 1545.66 1.88 0.07

Hatching	date 4 1545.74 1.96 0.06

Model averaging

Variable Estimate SE 2.5% CI 97.5% CI

Intercept −0.19 0.13 −0.45 0.06

Mad- cows 
(post)

0.30 0.15 0.01 0.58

Mad-	cows	(pre) 0.09 0.16 −0.22 0.39

Brood	size	(2) 0.16 0.12 −0.08 0.40

Order (1) 0.10 0.15 −0.19 0.39

Order (2) 0.21 0.15 −0.07 0.50

Hatching	date 0.01 0.06 −0.10 0.13

Note:	Estimates,	standard	errors	(SE),	and	95%	confidence	intervals	(CI)	
were	obtained	after	model	averaging.	All	models	were	run	including	
year	and	territory	as	random	terms.	The	null	model	was	included	in	
our	set	of	models.	In	bold,	significant	effects	(i.e.,	the	95%	CI	does	not	
overlap	zero).	All	models	run	are	shown	in	Table S6.
Abbreviations:	AICc,	Akaike	information	criterion	corrected	for	
small	sample	sizes;	df,	degrees	of	freedom;	w,	Akaike	weight;	ΔAICc,	
difference	between	the	AICc	of	model	i	and	that	of	the	best	model	(i.e.,	
the	model	with	the	lowest	AICc).
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offspring (r = 0.00 ± 0.01,	 95%	 CI	 0.00–	0.04,	 and	 r = 0.00 ± 0.02,	
95%	 CI	 0.00–	0.06,	 respectively).	 Nevertheless,	 from	 the	 more	
detailed	 information	available	 from	some	of	 those	breeding	units,	
there	 were	 slightly	 more	 sequences	 of	 four	 or	 more	 consecutive	
male nestlings (n = 11	breeding	females)	than	of	four	or	more	con-
secutive	 female	 nestlings	 (n = 3	 breeding	 females;	 binomial	 test:	
p = .0574;	Table S12).

As	with	females	and	breeding	pairs,	there	was	no	repeatability	in	
offspring	sex	for	trios	with	known	identity	from	the	Canary	Islands	
(r = 0.23 ± 2.63,	 95%	 CI	 0.00–	0.81),	 although	 the	 sample	 size	 was	
very	small.	When	we	analyzed	the	more	detailed	information	avail-
able	from	some	of	those	breeding	trios,	we	found	that	one	female–	
female–	male	 trio	 was	 associated	 with	 a	 strong	 bias,	 raising	 only	
males (n = 9)	over	the	9 years	sampled.	This	trio	was	the	only	known	

TA B L E  6 Models	obtained	to	assess	
the effects of hatching date (hatching 
date),	region	(region)	and	food	availability	
(mad-	cows)	on	the	probability	of	an	
Egyptian	vulture	nestling	being	a	male	
in	peninsular	Spain,	(a)	considering	only	
first-	hatched	nestlings	from	double	
broods	(n = 324),	and	(b)	considering	only	
second-	hatched	nestlings	from	double	
broods	(n = 318).

Model selection

Model df AICc ΔAICc w

(a)	First-	hatched	nestlings	from	double	broods

Mad-	cows 5 451.92 0.00 0.32

Mad-	cows	+ region 8 453.19 1.28 0.17

Region 6 453.82 1.90 0.12

Null 3 453.84 1.92 0.12

Mad-	cows	+ hatching date 6 453.93 2.01 0.12

Mad-	cows	+ region + hatching 
date

9 455.31 3.39 0.06

Hatching	date 4 455.60 3.68 0.05

Region + hatching date 7 455.90 3.98 0.04

(b)	Second-	hatched	nestlings	from	double	broods

Null 3 446.87 0.00 0.40

Mad-	cows 5 448.04 1.17 0.22

Hatching	date 4 448.21 1.35 0.20

Hatching	date	+	mad-	cows 6 449.25 2.38 0.12

Region 6 452.06 5.19 0.03

Hatching	date	+ region 7 453.44 6.57 0.01

Mad-	cows	+ region 8 453.98 7.11 0.01

Hatching	date	+	mad-	cows	+ 
region

9 455.33 8.46 0.01

Model averaging

Variable Estimate SE 2.5% CI 97.5% CI

(a)

Intercept −0.50 0.35 −1.19 0.19

Mad- cows (post) 0.70 0.30 0.11 1.28

Mad-	cows	(pre) 0.30 0.32 −0.33 0.93

Region (Aragon) 0.25 0.43 −0.60 1.10

Region (Navarra) 0.74 0.36 0.03 1.45

Region	(Segovia) 0.34 0.41 −0.47 1.15

(b)

Intercept 0.06 0.16 −0.24 0.37

Mad-	cows	(post) −0.02 0.28 −0.56 0.53

Mad-	cows	(pre) −0.42 0.29 −0.98 0.14

Hatching	date −0.09 0.11 −0.32 0.13

Note:	Estimates,	standard	errors	(SE),	and	95%	confidence	intervals	(CI)	were	obtained	after	model	
averaging.	All	models	were	run	including	year	and	territory	as	random	terms.	The	null	model	was	
included	in	our	set	of	models.	In	bold,	significant	effects	(i.e.,	the	95%	CI	does	not	overlap	zero).
Abbreviations:	AICc,	Akaike	information	criterion	corrected	for	small	sample	sizes;	df,	degrees	of	
freedom; w,	Akaike	weight;	ΔAICc,	difference	between	the	AICc	of	model	i	and	that	of	the	best	
model	(i.e.,	the	model	with	the	lowest	AICc).
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breeding	unit	in	our	database	to	produce	a	significantly	male-	biased	
offspring	sex	ratio	(binomial	test:	p = .0039).

4  |  DISCUSSION

Overall,	 the	 secondary	 sex	 ratio	 in	 nestling	 Egyptian	 vultures	
did	not	differ	significantly	 from	parity,	as	would	be	expected	 in	a	
species	 with	 slight	 sexual	 dimorphism	 and	 a	 relatively	 balanced	
role	 in	 parental	 duties	 (Donázar,	1993;	Morant	 et	 al.,	2019).	 This	

result,	 obtained	 from	 a	 database	 comprised	 of	 hundreds	 of	 indi-
viduals	monitored	in	different	areas	over	ca.	30 years,	is	consistent	
with	 that	 found	 for	 this	 species	 using	 subsamples	of	 this	 dataset	
(Grande,	2006;	 Sanz-	Aguilar	 et	 al.,	2017) and in other species of 
vultures	 from	 Europe	 (Bosé	 et	 al.,	 2007;	 Davidovic	 et	 al.,	 2022; 
Gómez-	López	 et	 al.,	 2022;	 López-	López	 et	 al.,	 2011; Villegas 
et	al.,	2004)	and	Asia	(Arshad	et	al.,	2009).	We	also	found	that	the	
offspring	sex	ratio	of	 the	Egyptian	vulture	 remained	stable	at	1:1	
over	the	years,	similar	to	studies	with	the	Griffon	Vulture	(Gómez-	
López	et	al.,	2022)	and	the	Cinereous	Vulture	(Villegas	et	al.,	2004) 
in	 regions	 of	 peninsular	 Spain.	 However,	 offspring	 sex	 ratio	 was	
male-	biased	 in	the	Canary	 Islands,	while	a	slight	 trend	toward	fe-
males	was	observed	 in	peninsular	Spain.	These	opposite	patterns	
could	be	associated	with	factors	linked	to	the	island	syndrome	(see	
Covas,	2016),	which	has	already	been	documented	 in	this	species	
(Donázar	et	al.,	2002).

There	are	several	factors	linked	with	insularity	that	can	be	taken	
into	 consideration	 here.	 First,	 the	 age	 composition	 of	 the	 breed-
ers	varies	between	mainland	and	 island	populations.	The	percent-
age	of	subadult	breeders	is	essentially	zero	in	the	Peninsula	(Ferrer	
et	 al.,	 2011),	 but	 has	 been	 proved	 to	 be	 relatively	 high	 (ca.	 10%)	
and	constant	 in	 the	Canary	 Islands	over	our	 study	years	 (Donázar	
et	 al.,	2002;	 J.	 A.	 Donázar,	 unpublished	 data).	 As	 younger	 breed-
ers	are	also	 less	experienced	and	display	poorer	 foraging	abilities,	
they	 typically	 overproduce	 the	 less	 costly	 sex,	males	 in	 this	 case,	
which	could	be	unbalancing	the	overall	offspring	sex	ratio	in	the	is-
lands.	Although	we	did	not	find	an	apparent	effect	of	the	age	of	the	
breeders	on	 sex	 ratio,	 it	must	be	noted	 that	our	data	only	 consti-
tute	a	sample	of	 the	breeding	population,	 so	 there	may	still	be	an	
effect	operating	at	 the	population	 level	 that	we	have	been	unable	
to	 detect	 and	 that	would	 become	 evident	with	 increasing	 sample	
size.	Second,	survival	of	 juveniles	 (<1 year)	 is	higher	 in	 the	Canary	
and the Balearic Islands (ϕ ≈ 0.90;	Badia-	Boher	et	al.,	2019;	Donázar	
et	al.,	2002;	Sanz-	Aguilar,	De	Pablo,	&	Donázar,	2015) than in con-
tinental	Spain	(ϕ ≈ 0.70;	Grande	et	al.,	2009;	Sanz-	Aguilar,	Sánchez-	
Zapata,	et	al.,	2015)	and	Europe	(ϕ ≈ 0.30–	0.70;	Lieury	et	al.,	2015; 
Oppel,	Saravia,	et	al.,	2021),	and	it	is	very	similar	to	that	of	subadults	
and	 adults,	 a	 common	pattern	 found	 in	 nonmigratory	 raptor	 pop-
ulations	 from	 islands	 (Badia-	Boher	 et	 al.,	 2019;	 Sanz-	Aguilar,	 De	
Pablo,	&	Donázar,	2015).	The	low	mortality	reported	in	these	popu-
lations	probably	comes	from	their	sedentary	behavior,	which	avoids	
high	migration	costs	 (Oppel,	Arkumarev,	et	al.,	2021;	Sanz-	Aguilar,	
De	Pablo,	&	Donázar,	2015),	 but	 is	 also	a	 consequence	of	 intense	
management	 actions,	 mainly	 through	 supplementary	 feeding	 and	
severe	 control	 and	 correction	 of	 human-	related	mortality	 factors,	
like	poisoning,	electrocution,	and	collision	with	power	lines	(Badia-	
Boher	et	al.,	2019;	Donázar	et	al.,	2002;	Sanz-	Aguilar,	De	Pablo,	&	
Donázar,	2015).	Although	Egyptian	vulture	survival	according	to	sex	
has	not	been	studied	in	the	islands,	some	populations	from	peninsu-
lar	Spain	show	differential	survival	depending	on	both	age	and	sex,	
with	breeding	 females	and	young	breeding	males	displaying	 lower	
survival	 rates	 than	 old	 breeding	males	 (Sanz-	Aguilar	 et	 al.,	2017). 
Thus,	if	the	adult	sex	ratio	remains	at	the	expected	1:1	in	peninsular	

TA B L E  7 Alternative	models	(ΔAICc < 2)	obtained	to	assess	the	
effects	of	hatching	date	(hatching	date),	food	availability	(mad-	
cows),	brood	size	(brood	size),	hatching	order	(order),	and	type	
of	breeding	unit	(unit)	on	the	probability	of	an	Egyptian	vulture	
nestling	being	a	male	in	the	Canary	Islands	(n = 499).

Model selection

Model df AICc ΔAICc w

Brood	size 4 691.92 0.00 0.10

Order 5 692.04 0.12 0.10

Null 3 692.27 0.36 0.09

Unit 5 692.76 0.85 0.07

Brood	size	+	unit 6 692.76 0.85 0.07

Order +	unit 7 692.88 0.97 0.06

Hatching	date 4 693.02 1.11 0.06

Brood	size	+ 
hatching date

5 693.08 1.16 0.06

Unit	+ hatching 
date

6 693.21 1.30 0.05

Order + hatching 
date

6 693.44 1.52 0.05

Brood	size	+ 
hatching date 
+	unit

7 693.65 1.73 0.04

Model averaging

Variable Estimate SE 2.5% CI 97.5% CI

Intercept 0.14 0.13 −0.10 0.39

Brood	size	(2) 0.30 0.21 −0.11 0.71

Order (1) 0.55 0.28 0.00 1.10

Order (2) 0.07 0.27 −0.45 0.60

Hatching	date −0.10 0.10 −0.29 0.09

Unit	(pair) −0.10 0.20 −0.50 0.30

Unit	(trio) 0.74 0.46 −0.16 1.64

Note:	Estimates,	standard	errors	(SE),	and	95%	confidence	intervals	(CI)	
were	obtained	after	model	averaging.	All	models	were	run	including	
year	and	territory	as	random	terms.	The	null	model	was	included	in	
our	set	of	models.	In	bold,	significant	effects	(i.e.,	the	95%	CI	does	not	
overlap	zero).	All	models	run	are	shown	in	Table S9.
Abbreviations:	AICc,	Akaike	information	criterion	corrected	for	
small	sample	sizes;	df,	degrees	of	freedom;	w,	Akaike	weight;	ΔAICc,	
difference	between	the	AICc	of	model	i	and	that	of	the	best	model	(i.e.,	
the	model	with	the	lowest	AICc).
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Spain	 (Grande,	 2006),	 the	 slight	 female	 bias	 among	 the	 offspring	
would	be	 later	 compensated	 for	 by	 a	 sex-	biased	mortality	 toward	
breeding	 females	 (Sanz-	Aguilar	 et	 al.,	 2017).	 On	 the	 contrary,	 if	
higher	rates	of	breeding	female	mortality	were	true	for	the	islands	
in	addition	to	a	male-	biased	offspring	sex	ratio,	we	might	expect	a	
reduction	in	the	amount	of	breeding	females	and	an	increase	in	the	
number	of	polyandrous	trios.	However,	this	pattern	is	probably	not	
valid	 for	 the	 Canary	 Islands.	 Even	 though	 the	 offspring	 sex	 ratio	
is	male-	biased,	the	adult	sex	ratio	has	been	reported	to	be	around	
1:1	 (Gangoso,	 2006;	 J.	 A.	 Donázar,	 unpublished	 data),	 just	 oppo-
site to what Donald (2007)	 predicted	 for	most	bird	 species.	 Since	
the	adult	sex	ratio	is	apparently	unbiased,	mortality	rates	could	be	
male-	biased	between	the	nestling	and	the	adult	stage,	maybe	due	
to	a	more	intense	territory	prospection	and	large-	scale	movements	
involving	 greater	 exposure	 to	 risks,	 by	 immature	males	 compared	
with	females	(Sanz-	Aguilar	et	al.,	2017;	Van	Overveld	et	al.,	2018). 
One	of	 those	 risks	 is	 poisoning	by	 lead	 ammunition,	which	 is	 less	
frequent	 among	 females	 from	 the	Canary	 Islands	 since	 they	 tend	
to	feed	at	supplementary	feeding	stations	rather	than	on	farms	or	
over	natural	areas	(Gangoso	et	al.,	2009;	García-	Heras	et	al.,	2013; 
Van	Overveld	et	al.,	2018).	Raw	data	from	the	Canary	Islands	show	
that	the	proportion	of	recovered	dead	immature	vs	adult	individuals	
was	indeed	higher	for	males	(64.3%)	than	for	females	(52.9%)	(J.	A.	
Badia-	Boher	&	A.	Sanz-	Aguilar,	unpublished	data).	This	male-	biased	
mortality	 among	 immatures	 could	 be	 ultimately	 compensating	 for	
offspring	biases,	so	that	the	adult	sex	ratio	would	not	reflect	early-	
biased	sex	ratios.

Food	 availability	 might	 also	 differ	 between	 the	 mainland	 and	
the	 islands,	but	 it	 is	difficult	to	quantify	appropriately.	On	the	one	
hand,	the	mad-	cow	crisis,	which	led	to	a	reduction	in	the	availabil-
ity	 of	 livestock	 carcasses,	 caused	 strong	 declines	 in	 the	 produc-
tivity	 and	 the	 reproductive	 success	of	 several	 vulture	populations	
(Almaraz	et	al.,	2022;	 Iñigo	&	Atienza,	2007).	However,	 it	 is	a	very	
general	proxy	as	it	refers	to	livestock	availability	only.	Furthermore,	
since	 sanitary	 regulations	 were	 unequally	 applied	 outside	 of	 and	
throughout	the	Spanish	territory	(Arrondo	et	al.,	2018;	López-	Bao	&	
Margalida,	2018),	the	availability	of	livestock	carcasses	varied	con-
siderably	between	years	in	more	restrictive	regions	(e.g.,	Andalusia	
and	Navarra),	while	more	permissive	areas	held	high	 levels	of	 live-
stock	carrion	over	 time	 (e.g.,	Aragon	and	Canary	 Islands;	Donázar,	
Cortés-	Avizanda,	et	al.,	2020;	García-	Alfonso	et	al.,	2020). On the 
other	hand,	Egyptian	vultures	are	not	only	dependent	on	livestock	
carcasses	 but	 also	 rely	 on	 wild	 animals,	 such	 as	 rabbits,	 birds	 or	
insects,	which	 can	 represent	more	 than	 50%	of	 their	 diverse	 diet	
depending	 on	 the	 region	 (Donázar	 &	 Ceballos,	 1988;	 Margalida	
et	al.,	2011;	Medina,	1999).	Hence,	long-	term	changes	in	wild	prey	
abundance	 and	 distribution	 caused	 by	 natural	 or	 anthropogenic	
factors	 might	 influence	 the	 amount,	 type,	 distribution,	 predict-
ability,	 and	 availability	 of	 food	 for	 these	 facultative	 scavengers	
(Blanco,	 2014;	 Donázar,	 Barbosa,	 et	 al.,	2020).	 Consequently,	 de-
pending	on	regional	and	local	trophic	variability,	populations	are	likely	
to	be	affected	differently	 (Donázar,	Cortés-	Avizanda,	 et	 al.,	2020; 
Margalida	et	al.,	2011).	However,	although	the	amount	of	livestock	

carcasses	is	apparently	high	in	the	eastern	Canary	Islands	(Donázar	
et	al.,	2002),	its	conditions	of	extreme	aridity	reduce	the	abundance	
of	small,	wild	prey	available	for	vultures	(J.	A.	Donázar,	unpublished	
data),	 so	 raising	 the	 less	costly	males	could	be	a	better	option	 for	
breeders	than	raising	females	 in	this	population	(Dzus	et	al.,	1996; 
Wiebe	&	Bortolotti,	1992).	In	addition	to	spatial	food	asymmetries,	
there	is	considerable	variability	regarding	vulture	population	trends	
and	conspecific	densities	among	regions	and	over	time	 (Del	Moral	
&	Molina,	2018),	which	might	also	be	influencing	sex	ratio	in	differ-
ent	ways.	For	instance,	the	Canary	Islands	population	is	growing	and	
displays	a	high	conspecific	density	(Badia-	Boher	et	al.,	2019),	partly	
due	to	the	limited	dispersal	and	the	isolated	character	of	the	islands,	
while	 the	mainland	populations	 considered	here	 are	declining	 and	
their	densities	vary	considerably	(Serrano	et	al.,	2021).	Thus,	density	
dependence	 can	 negatively	 affect	 parameters	 such	 as	 body	mass	
(Donázar,	Barbosa,	et	al.,	2020)	and	productivity	(Carrete,	Donázar,	
&	Margalida,	2006)	but	it	could	also	influence	offspring	sex	ratio.	We	
were	unable	to	obtain	suitable	measures	of	conspecific	density	and	
population	 trends	 in	mainland	 populations	 that	would	 allow	 us	 to	
detect a potential effect of these parameters on offspring sex ratio. 
Nevertheless,	given	that	neither	of	these	two	connected	variables	
influenced	offspring	sex	ratio	in	the	Canary	Islands,	we	suggest	that	
the	traits	related	to	the	island	syndrome,	other	than	conspecific	den-
sity	or	population	trend,	are	the	main	factors	causing	the	male	bias	
in	this	study	area.

Siblicide	 by	 the	 first-	hatched	 nestling	 of	 the	 second-	hatched	
through	direct	aggression	or	food	monopolization	has	been	reported	
in	the	Egyptian	vulture	(Birdlife	Israel,	2021;	Brown	et	al.,	1982),	but	
it	is	not	common	(Kumar	et	al.,	2020;	Redondo	et	al.,	2019; Yordanov 
et	al.,	2021).	Dzus	et	al.	 (1996)	 found	a	 relationship	between	food	
availability,	hatching	order,	and	nestling	sex	in	the	Bald	Eagle,	a	sib-
licidal	 species,	 and	proposed	 that	mixed	broods	where	 the	 female	
hatches	first	are	more	likely	to	be	found	in	good	years,	when	food	
competition	is	low,	siblicide	is	rarer	and	both	nestlings	can	be	raised	
(Dzus	et	 al.,	1996;	Uller,	2006).	Besides,	 studies	with	nonsiblicidal	
species	conclude	that,	since	females,	the	larger	sex,	are	more	suscep-
tible	to	food	stress	(Clutton-	Brock,	1986),	they	often	hatch	first	 in	
the	brood	under	adverse	environmental	conditions,	so	that	they	get	
the	preferential	parental	 investment	and	survive	 (Carranza,	2004). 
Although	our	results	on	the	sex	ratio	of	first-	hatched	nestlings	from	
peninsular	Spain	do	not	match	our	expectations,	they	are	consistent	
with	the	hypothesis	proposed	by	Carranza	(2004):	Food	limitations	
could	be	biasing	first-	hatched	nestlings	toward	females	during	low-	
resource	periods	(mad-	cow	crisis),	which	would	survive	thanks	to	a	
better	parental	 investment,	while	high	 food	availability	might	bias	
first-	hatched	nestlings	 toward	either	sex	after	 the	crisis	 (males)	or	
before	it	(females),	when	both	sexes	would	be	raised	equally	and	no	
or	little	aggression	would	occur.	However,	no	direct	effect	of	hatch-
ing	order	on	sex	ratio	was	detected	in	the	analyses,	as	reported	in	
some	other	raptors	(Hörnfeldt	et	al.,	2000;	McDonald	et	al.,	2005; 
Rutz,	2012).	Additionally,	despite	relevant	variation	in	other	factors	
such	as	hatching	date	or	parental	age,	the	rest	of	the	variables	stud-
ied did not appear to have an effect on offspring sex ratio. Brood 
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size	in	particular	is	not	associated	with	sex	ratio	biases	in	other	stud-
ies	with	 raptor	 nestlings	 (Byholm	 et	 al.,	2002;	 Rutz,	2012;	Wiebe	
&	Bortolotti,	1992),	and	as	variation	in	brood	size	is	minimal	in	the	
Egyptian	vulture	(one	or	two	nestlings),	the	effect	of	brood	size	on	
sex	ratio	is	likely	more	difficult	to	be	found	in	this	species.	The	ap-
parent	 lack	of	 influence	of	other	factors	on	the	offspring	sex	ratio	
could	also	be	due	to	the	fact	that	the	costs	of	rearing	each	sex	might	
not	be	very	different	in	the	Egyptian	vulture.

Regular	 monitoring	 of	 Egyptian	 vulture	 breeding	 units	 in	 the	
Canary	 Islands	 allowed	 us	 to	 assess	 individual	 effects,	 that	 is,	
whether	particular	pairs,	trios	or	females	are	more	prone	to	produce	
offspring	 of	 a	 particular	 sex,	 consecutively	 or	 not	 (see	 Heinsohn	
et	al.,	1997),	but	we	found	 little	evidence	of	any	pattern.	One	trio	
raised	nine	male	nestlings	in	a	row	so	trios	should	be	especially	mon-
itored	 in	 the	 following	 years	 to	 detect	 possible	 general	 patterns.	
Also,	the	prevalence	of	at	least	four	consecutive	male	nestlings	was	
higher	than	that	of	at	least	four	consecutive	female	nestlings,	as	ex-
pected	 for	 the	overall	male-	biased	sex	 ratio	 in	 the	population.	No	
difference	was	observed	between	the	amount	of	same-	sex	broods	
and	mixed-	sex	broods	in	any	of	our	regions	of	study.	Furthermore,	
it	must	be	noted	that	studying	the	process	of	sex	allocation	is	very	
complex.	Multiple	 factors	 like	 those	 addressed	 in	 the	 present	 re-
search	are	often	 interrelated,	and	 it	 is	very	hard	 to	 identify	which	
environmental	factors	are	causing	biases	through	a	direct	or	indirect	
effect	on	offspring	sex	ratio	at	the	brood,	subpopulation	or	popula-
tion	level	in	the	different	species.	In	addition,	the	amount	of	parental	
contribution	to	the	process	by	directly	biasing	sex	ratio	as	a	response	
to	the	environmental	changes	or	by	their	individual	condition	makes	
the	subject	even	more	complicated	to	study.

Here,	we	combined	a	high	number	of	Egyptian	vulture	 individ-
uals	 from	 some	 of	 the	 most	 important	 breeding	 regions	 for	 this	
species	in	both	continental	and	insular	Spain,	but	we	acknowledge	
certain	limitations.	There	was	a	different	number	of	nestlings	sam-
pled	each	year	(between	22	and	124)	and	region	(between	50	and	
499).	Particularly,	the	Balearic	Islands	population	could	not	be	com-
pletely	assessed	since	sample	size	was	very	small,	especially	com-
pared	 with	 the	 Canary	 Islands.	 Some	 explanatory	 variables	 were	
not	 available	 for	 all	 nestlings	 (e.g.,	 hatching	 date,	 hatching	 order,	
and	parental	age),	either	due	to	differences	in	the	data	collected	by	
each monitoring program or to the high sampling effort needed to 
obtain	certain	information	in	the	field.	To	further	study	the	effects	
of	parental	age	on	offspring	sex	ratio,	which	could	not	be	properly	
assessed	in	peninsular	Spain,	additional	data	should	be	collected	in	
the	 future.	Differences	 in	 the	 type	of	 trio	 (two	males	and	one	 fe-
male,	or	two	females	and	one	male)	might	also	affect	offspring	sex	
ratio,	but	 since	Egyptian	vulture	 trios	are	 relatively	 rare,	 the	small	
size	of	the	resulting	sample	prevented	us	from	assessing	this	prop-
erly.	Although	we	evaluated	 the	effect	of	 the	mad-	cow	crisis	 as	 a	
surrogate	of	 food	availability,	 other	 food	variables	 should	be	 con-
sidered	 in	 future	studies.	Unfortunately,	we	did	not	have	 informa-
tion	concerning	the	nonbreeding	fraction	of	the	island	populations,	
which	we	 acknowledge	 could	 have	 some	 relevance	 in	 conspecific	
density	analyses.	Nevertheless,	our	study	shows	that	insularity	is	an	

important	predictor	of	offspring	sex	 ratio	of	 the	Egyptian	vulture,	
probably	through	processes	that	affect	island	and	mainland	popula-
tions	differentially.	In	cases	when	immature	mortality	is	not	biased	
toward	males,	a	male-	biased	offspring	sex	ratio	should	be	monitored	
with	caution,	especially	in	an	isolated	subspecies	like	N. p. majorensis 
from	the	Canary	 Islands,	as	 it	could	have	 important	consequences	
for	the	future	dynamics	and	viability	of	the	population.	Our	research	
also	 contributes	 to	 sex	allocation	 theory	by	 investigating	whether	
sex	ratio	deviations	from	parity	are	possible	as	a	response	to	chang-
ing	environments,	either	through	parental	manipulation	or	through	
sex-	biased	mortality	by	environmental	and	social	constraints,	here	
tested	by	proxies.	Getting	to	know	the	multiple	and	complexly	 in-
terrelated	factors	involved	in	these	deviations	is	essential	for	under-
standing	underlying	issues	in	the	ecology	and	life	history	of	raptors	
as well as helping in the development and application of conserva-
tion	practices	in	threatened	species	which,	like	the	Egyptian	vulture,	
are	especially	vulnerable	in	a	global	change	scenario.
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