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ABSTRACT
Avian malaria is a globally distributed vector-borne infectious disease caused by haemosporidian parasites capable of driving
population declines and even species extinctions, posing major challenges for conservation biology. However, its occurrence in
scavenger birds, particularly vulture species, remains poorly understood. We conducted active monitoring in northeastern and
central Spain, collecting 383 blood samples from free-living birds of all age classes, including obligate (all European vultures)
and facultative (red and black kites) scavenger species, to assess the occurrence of avian malaria parasites and identify their
lineages using a nested-PCR protocol. Overall haemosporidian prevalence was 3.4% (13/383), with Leucocytozoon and Plasmodium
detected at values of 2.3% and 1.6%, respectively. Among positive birds, Leucocytozoon spp. (69.2%) were more common than
Plasmodium spp. (46.1%), including two co-infected individuals. Red kites, cinereous, bearded, and Egyptian vultures harbored
both Plasmodium and Leucocytozoon, while black kites and griffon vultures only showed Plasmodium and Leucocytozoon,
respectively. Black kites exhibited the highest haemosporidian prevalence (8.3%), followed by cinereous vultures (5.3%), red kites
(4.8%), Egyptian (4.6%), bearded (1.9%), and griffon vultures (1.3%). Interestingly, we report 10 new host–parasite interactions and
describe a novel Leucocytozoon lineage (lGYPBAR01) infecting all European vultures except the griffon vulture. We also detected
Plasmodium relictum pSGS1 in an adult red kite, the first confirmed occurrence of this lineage in adults of the species. Our findings
highlight a previously overlooked threat to avian scavengers and suggest that global warming may further facilitate the spread of
haemosporidian-infected vectors, underscoring the urgent need for targeted conservation measures and further research into
parasite dynamics in vulnerable wild populations.
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1 Introduction

Infectious diseases play a profound role in shaping wildlife
populations and ecosystems, influencing survival, reproductive
success, and the evolutionary dynamics of host species (Dobson
and Foufopoulos 2001; Tompkins et al. 2015; Valenzuela-Sánchez
et al. 2021). Among birds, infectious agents are of particular
concern due to the diverse habitats they occupy and their global
mobility, both of which can facilitate the spread of pathogens
across ecosystems and even continents (Viana et al. 2016; Owen
et al. 2021; Moraga-Fernández et al. 2023). Haemosporidian
infections in birds, such as avian malaria, caused by parasites
in the genera Plasmodium, Haemoproteus, and Leucocytozoon,
represent a significant threat with well-documented impacts on
bird populations worldwide (Santiago-Alarcon andMarzal 2020).
Diptera vectors, including several species of mosquitoes (Culi-
cidae), simuliid flies, as well as several species of hippoboscid
and ceratopogonid flies, are the main route of infection and
transmission of avian malaria parasites (Santiago-Alarcon et al.
2012; Valkiūnas and Atkinson 2020). This parasitic infection
has been linked to declines in native bird species, especially in
isolated regions like Hawaii, where non-native mosquito vectors
introduced avian malaria to immunologically naive populations,
leading to severe declines or extinction of various native species
(vanRiper et al. 1986; Atkinson andLaPointe 2009). Beyond direct
impacts on mortality, avian malaria can alter survival, behavior,
and reproductive success (Merino et al. 2000; Navarro et al.
2004; Marzal et al. 2005; Puente et al. 2010), imposing selective
pressures that shape avian life histories and physiological adap-
tations (Asghar et al. 2018; Schoenle et al. 2018; Muriel 2020).
Additionally, birds infected with haemosporidians often require
longer rehabilitation treatments in rescue centers (Cruz et al.
2024), which may further impair their survival prospects.

Haemosporidian infections are well documented in many passer-
ine species; however, other bird orders, such as Accipitriformes,
and in particular avian scavenger species, have been compara-
tively understudied. Obligate (species that depend almost totally
on carrion, i.e., vultures) and facultative scavenger birds (species
that scavenge opportunistically, e.g., eagles, kites, and corvids)
provide crucial ecosystem services, primarily by regulating car-
cass removal (Santangeli et al. 2024). Although the scavenging
diet of this guild may expose birds to numerous pathogens,
including bacteria and other mycotic microorganisms (Roggen-
buck et al. 2014; Blumstein et al. 2017; Pitarch et al. 2020; Plaza
et al. 2020), current knowledge on how this feeding behavior may
be related to haemosporidian infection susceptibility or to the risk
of being bitten by a blood-sucking vector remains poor. Concern-
ing Western European obligate scavengers, studies carried out
by microscopic examination found no haemosporidian-infected
individuals (Blanco et al. 1998; Tella et al. 1999), and the preva-
lence was low (or no infection evidence was found) when using
molecular detection techniques by nested-PCR (<10%) (Chakarov
and Blanco 2021; Moraga-Fernández et al. 2023). In contrast,
in African vultures, reported prevalence values are considerably
higher (>30%), reaching values >70% in some adult individuals
(Greiner and Mundy 1979). This suggests that diet alone is not
the primary driver of haemosporidian infections, and that other
factors—such as environmental and climatic conditions—may
play amore important role in shapingmalaria distribution inwild

populations (Fecchio et al. 2019). By contrast, studies on facul-
tative avian scavengers, such as kite species in Western Europe,
have also reported lower prevalence values (Pérez-Rodríguez et al.
2013).

Most Old and New World vultures are nowadays threatened,
and their populations are in serious decline, mainly due to
anthropogenic pressures (McClure et al. 2018). Iberian trends,
however, are stable or even increasing, playing a key role in the
future viability of European vulture populations (i.e., griffonGyps
fulvus, cinereousAegypiusmonachus, beardedGypaetus barbatus,
and Egyptian vulturesNeophron percnopterus; Safford et al. 2019).
Spain is playing a crucial role in the conservation of obligate and
other facultative avian scavenger species, hosting >90% of Euro-
pean vulture populations (Margalida et al. 2010) as well as the
majority of the entire population of the globally threatened Span-
ish imperial eagle (Aquila adalberti) and significant numbers of
red (Milvus milvus) and black kites (Milvus migrans). Neverthe-
less, globally, a myriad of non-natural mortality factors persist:
the illegal use of poisons (Margalida and Mateo 2019), ingestion
of veterinary drugs and other environmental pollutants present
in human-dominated environments (Margalida and Oliva-Vidal
2017; Oliva-Vidal et al. 2022a; Herrero-Villar et al. 2023), lead
contamination (Monclús et al. 2020), habitat loss/transformation
(e.g., increase of energy infrastructures; Serrano et al. 2020),
changes in landscape configuration (Oliva-Vidal et al. 2022b) and
in health policies (Donázar et al. 2009), and human–wildlife
conflicts related to vulture attacks toward livestock (Lambertucci
et al. 2021; Oliva-Vidal et al. 2022c), further threatening this guild
and its functional roles. Other factors, such as climate change
and the spread of infectious diseases, remain poorly understood
(but see Moraga-Fernández et al. 2023; Loureiro et al. 2024),
highlighting the need for further research to inform effective
management and conservation measures.

Global warming plays a significant role in reshaping the distri-
bution and prevalence of vector-borne diseases, including those
caused by haemosporidian parasites (Garamszegi 2011; Ferraguti
et al. 2020). Rising global temperatures can influence the range
and activity of vectors like mosquitoes, enabling them to thrive
at higher altitudes and latitudes previously unsuitable due to
colder conditions (LaPointe et al. 2012). In this regard, climate
change may alter host–parasite dynamics by favoring generalist
haemosporidian parasites over specialists (Fecchio et al. 2019) and
lead to a homogenization of parasite diversity (Pérez-Rodríguez
et al. 2014). For bird communities inhabiting mountain regions,
this shift could mean increased exposure to haemosporidian-
infected vectors in areas that were historically free of these
diseases. This could expose scavenger birds to novel disease
pressures, potentially leading to declines in species that are vital
for ecosystem health and scavenger guild functioning (Sebastián-
González et al. 2021; Oliva-Vidal et al. 2024). For instance, the
impact of climate change on haemosporidian distribution has
been underscored by the detection of these parasites in the
endangered Pyrenean capercaillie (Tetrao urogallus aquitanicus)
(Nicolás de Francisco et al. 2023), a species inhabiting high-
altitude forests. This finding highlights a potential emerging
vulnerability to malaria in birds inhabiting mountain ecosystems
and colder environments and raises concerns about the increased
threats that climate change poses to biodiversity conservation.
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Despite growing research on avian malaria and related parasites
(Order: Haemosporida) across different bird species and popu-
lations, studies focusing on avian scavengers remain scarce and
have largely concentrated on nestlings (Chakarov and Blanco
2021; Bukauskaitė et al. 2024; but see Pérez-Rodríguez et al. 2013).
Indeed, the MalAvi database, which compiles global records of
haemosporidian parasite diversity across bird species worldwide,
includes data for only 56.5% of the world’s 23 vulture species
(Bensch et al. 2009; Table S1). This gap in knowledge is con-
cerning, particularly as global warming and habitat alterations
may heighten the exposure of this guild to haemosporidian
parasites (LaPointe et al. 2012). In this regard, we investigated
the prevalence of haemosporidians responsible for causing avian
malaria and identified their lineages in free-living obligate (all
four European vultures) and other facultative avian scavengers
(red and black kites) of all age classes inhabiting a mountain
region in northeastern and central Spain. We predicted that (1)
the prevalence of avian malaria (Plasmodium spp.) and malaria-
like parasites (Haemoproteus andLeucocytozoon spp.) in this guild
would be low (Pérez-Rodríguez et al. 2013), and (2) individuals
would be infected exclusively by Leucocytozoon parasites as
previously suggested (Chakarov and Blanco 2021). Our findings
provide novel and valuable insights into the parasite ecology
in this globally endangered functional guild and contribute to
future efforts to conserve these species and the pivotal ecosystem
services they provide.

2 Material and Methods

2.1 Study Area

This study was carried out essentially in the Pyrenees and
adjacent regions (NE Iberian Peninsula), except for three non-
nestling cinereous vultures that were captured in the “Finca El
Castañar” (Toledo, Central Spain). The Pyrenees is a 430-km long
and 65–150-km wide continuous mountainous barrier running
from the Atlantic to the Mediterranean, covering around 50 000
km2, becoming a natural boundary between France and Spain.
Its geographical position between the Mediterranean Sea and the
Atlantic Ocean, together with its range of altitudinal gradients
from sea level to >3000 m a.s.l., explains its heterogeneous
meteorology. Further details regarding climatic conditions of
the study area are provided in Oliva-Vidal (2023). This region
holds breeding populations of the four obligate European avian
scavengers and a rich community of facultative avian (e.g., eagles,
kites, and corvids) and mammal species, which provide pivotal
cultural and regulatory ecosystem services (García-Jiménez et al.
2022; Oliva-Vidal et al. 2022b). This area is characterized by
extensively and semi-extensively grazed livestock and holds
important populations of wild ungulates, which provide most
of the biomass for the scavenger guild (Margalida et al. 2018).
Moreover, a network of supplementary feeding stations (“vulture
restaurants”) for scavenging birds is present throughout this
region (Moreno-Opo et al. 2015), and this guild frequently also
exploits anthropogenic food resources at the urban open-air
landfills as well as domestic carcasses from intensive farms that
occur throughout the study area (Tauler-Ametller et al. 2018;
Fernández-Gómez et al. 2022).

2.2 Study Species and Field Sampling

Over a 6-year period (from 2017 to 2022), we performed active
monitoring, collecting blood samples from 383 free-living scav-
enging birds (Table S2). We focused this study on the four
European obligate (i.e., the griffon, cinereous, bearded, and
Egyptian vultures) and other facultative avian scavengers (red
and black kites). Blood samples were collected when birds were
handled to be ringed and marked with patagial tags or fitted with
satellite transmitters. Our sampling included individuals of all
age classes: nestlings (birds sampled in the nest), juveniles (birds
in their first year), subadults, and adults (Table S3). Age classes
were identified according to plumage characteristics and molt
pattern (Forsman 2016). Non-nestling individuals were captured
using a variety of methods (e.g., baited traps), according to the
species concerned. Further details on the capture systems used
for sampling each species and regarding the days of age of each
species are provided in Oliva-Vidal et al. (2022a). All individuals
were handled by trained and authorized personnel. Whole-blood
samples (3–5 mL, never exceeding 1% of the body weight of the
bird) were collected from the brachial vein and were immediately
placed into EDTA or heparinized tubes and stored at –80◦C
until laboratory analysis. DNAwas extracted from approximately
0.10 mL of blood preserved in 100% ethanol and used for
sex determination (following a previously established protocol;
Griffiths et al. 1998) and haemosporidian parasite screening (see
details below). All fieldwork was conducted in accordance with
national permits and guidelines.

2.3 Molecular Parasite Screening

Genomic DNA was extracted from all blood samples collected
in this study using GeneJET Genomic DNA Purification Kit
(Thermo Scientific Inc., reference #K0722) according to the
manufacturer’s instructions. Haemosporidian infections were
detected from blood samples using molecular methods targeting
conserved regions of the haemosporidian cytochrome b gene
(cyt b) (Hellgren et al. 2004). We conducted nested PCR assays
to detect haemosporidian parasites using diluted genomic DNA
(25 ng/µL) as the template, following the protocols outlined
by Hellgren et al. (2004). The process began with a primary
PCR consisting of 20 cycles, using outer primers (HaemNFI
and HaemNR3) flanking the target region. Subsequently, 2 µL
of the primary PCR product was used in two separate nested
reactions (35 cycles each) to selectively amplify either Plasmod-
ium/Haemoproteus or Leucocytozoon lineages. For Leucocytozoon
detection, the primers HaemFL and HaemR2L were used, while
HaemF and HaemR2 targeted Plasmodium and Haemoproteus.
PCR success was verified by electrophoresis of 2.5 µL of the final
product on a 2% agarose gel. Each PCR run included negative
controls (one for every 8 samples) and positive controls (two for
every 24 samples). Positive amplifications were sequenced using
methods described by Hellgren et al. (2004), with sequencing
performed from the 5′ end using the forward primers HaemF
and HaemFL. The obtained sequences of 478 bp of the cyt b
were edited, aligned, and compared in a sequence identity matrix
by BLAST (Basic Local Alignment Search Tool) implemented in
MalAvi database (Bensch et al. 2009) to identify parasite lineage.
New lineages (sequences not previously published in GenBank)
were also sequenced from the reverse end using the primer
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HaemR2. Parasites with sequences differing by one nucleotide
substitution were considered to represent evolutionary indepen-
dent lineages (Bensch et al. 2004, 2009). The new Leucocytozoon
lineage (lGYPBAR01) was coded following the nomenclature
of the MalAvi database (Bensch et al. 2009) and deposited in
GenBank under the accession number PV037200 (Table 1).

2.4 Phylogenetic Analyses

The genetic relationship between the parasites was investigated
by analyzing the avian haemosporidian cytochrome b sequence
divergence using a maximum likelihood method with 1000
bootstrap replicates in the programGeneious version 6.1.6 (Kearse
et al. 2012). We used Theileria annulata (GenBank #PP465045)
from Piroplasmida, the sister group to the Haemosporida, as
the outgroup (Kuo and Kissinger 2008). We used a relative
substitution ratemodel in order to define the rate at which each of
the transitions and transversions occurs in an evolving sequence.
The phylogenetic tree was edited by using R version 3.6.1 (R Core
Team 2019) and libraries ggplot (Wilkinson 2011) and ggtree (Yu
et al. 2017).

3 Results

3.1 Prevalence of Haemosporidian Parasites in
Iberian Scavenger Birds

We analyzed 383 blood samples from six European avian scav-
enger species, including the four obligate scavengers: griffon
(n = 76), cinereous (n = 19), Egyptian (n = 109), and bearded
vultures (n = 104), and two facultative species: red (n = 63)
and black kites (n = 12) (Table 2). Individuals of all age classes
(Table S2) were screened for Plasmodium, Haemoproteus, and
Leucocytozoon parasites. Haemosporidian parasiteswere detected
in all six species sampled, but only from two of the three targeted
genera—Plasmodium and Leucocytozoon—while Haemoproteus
was not found (Table 2; Figure 1). Overall prevalence across all
species was 3.4% (13/383), with the highest infection rate observed
in black kites (8.3%; 1/12), followed by cinereous vultures (5.3%;
1/19), red kites (4.8%; 3/63), and Egyptian (4.6%; 5/109), bearded
(1.9%; 2/104), and griffon vultures (1.3%; 1/76) (Figure 1; Table 2).
Because of the low overall prevalence found, we were unable to
statistically test the influence of bird species, age class, and sex on
haemosporidian occurrence patterns.

At the parasite genus level, prevalencewas 2.3% forLeucocytozoon
and 1.6% for Plasmodium. Among the 13 infected birds, 46.1%
(6/13) carried Plasmodium, 69.2% (9/13) harbored Leucocytozoon,
while 15.4% (2/13) were co-infected with both genera (Table 1).
At the interspecific level, the highest prevalence of Plasmodium
was observed in black kites (8.3%), followed by cinereous vultures
(5.3%), red kites (3.2%), and bearded (1.0%) and Egyptian vultures
(0.9%), while infection by this genus was not detected in griffon
vultures (Figure 1; Table 2). Regarding Leucocytozoon infections,
the highest prevalence was found in cinereous vultures (5.3%),
followed by Egyptian vultures (3.7%), red kites (3.2%), and griffon
(1.3%) and bearded vultures (1.0%), while infection by this genus
was not observed in black kites (Figure 1; Table 2).

FIGURE 1 Interspecific prevalence (in percentage) of haemo-
sporidian parasites including the three genera tested (Plasmodium,
Haemoproteus, and Leucocytozoon) found in free-living obligate: grif-
fon (adult female); cinereous (subadult female); bearded (juvenile and
subadult male); and Egyptian (two adult female and three nestlings
involving two female and one male) vultures and other facultative avian
scavengers: red (adult male and two nestlings of both sexes) and black
(adult female) kites sampled in NE (Pyrenees, Pre-Pyrenees) and central
Spain (Toledo) during the period 2017–2022. Source: Illustrations by Juan
Varela.

3.2 Genetic Diversity of Haemosporidians in
Iberian Scavenger Birds

We detected only two (Plasmodium and Leucocytozoon) of
the three haemosporidian parasite genera tested (Figure 1),
identifying three unique lineages of Plasmodium and five of
Leucocytozoon; one of them was described for the first time
(lGYPBAR01) (Table 1; Figure 2). Multiple infections involving
different lineages of Plasmodium, Haemoproteus, or Leucocyto-
zoon were not observed, as indicated by the absence of double
peaks in the same DNA sequencing chromatogram. However, we
detected co-infection in two individuals: one cinereous vulture
(subadult female) and one red kite (adult male). The cinereous
vulture was infected with a combination of a new Leucocytozoon
lineage (lGYPBAR01) and the Plasmodium pRTSR1—revealing
new host records for both lineages—while the red kite was
infected with a combination of the Plasmodium pSGS1 and the
Leucocytozoon lASOT1 lineages, evidencing a new host record
concerning lASOT1 lineage (Table 1; Figure 2). No co-infections
were detected in all other species sampled.

Except for lineages pMILANS05, pSGS1, and lCIAE02 that had
previously been found, respectively, on black kites, red kites,
and griffon vultures, we could identify 10 new host–parasite
interactions (six for Leucocytozoon and four for Plasmodium;
Table 1; Figure 2). Regarding Leucocytozoon spp., we found four
lineages infecting different species for the first time: lGYPBAR01
in bearded (n = 1; juvenile male), Egyptian (n = 3; two nestlings
of both sexes and one adult female), and cinereous vultures
(n = 1; subadult female; the last one species being also co-
infected with pRTSR1); lFIEB-L6 in Egyptian vultures (n = 1;
nestling female); and lASOT1 (n = 1; adult male also co-infected
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TABLE 2 Prevalence values (%) of each tested haemosporidian parasite genus (Plasmodium, Haemoproteus, and Leucocytozoon) and total
haemosporidian occurrence found in free-living obligate (i.e., griffon, cinereous, bearded, and Egyptian vultures) and facultative (red and black kite)
avian scavengers sampled in NE (Pyrenees, Pre-Pyrenees) and central (Toledo) Spain during the period 2017–2022.

Plasmodium Leucocytozoon Total

N N+ % N+ % N+ (%)

Obligate
Cinereous v.‡ 19 1 5.3 1 5.3 1 5.3
Egyptian v. 109 1 0.9 4 3.7 5 4.6
Bearded v. 104 1 1.0 1 1.0 2 1.9
Griffon v. 76 — — 1 1.3 1 1.3
Facultative
Red kite‡ 63 2 3.2 2 3.2 3 4.8
Black kite 12 1 8.3 — — 1 8.3

Note: ‡ indicates co-infections.

FIGURE 2 Consensus phylogenetic tree based on cyt b sequences from haemosporidian lineages previously detected in Spanish Falconiformes,
including those found in scavenger birds. Lineages detected in the present study are highlighted with red frames and colored dots representing host
species: griffon vulture (blue), cinereous vulture (gray), bearded vulture (green), Egyptian vulture (yellow), red kite (red), and black kite (black). Node
tips are labeled with an abbreviation for parasite genus ("L_" = Leucocytozoon, "P" = Plasmodium, and "H" = Haemoproteus), followed by the lineage
name. Theileria annulata (GenBank accession #PP465045) was used as an outgroup. Lineages detected in scavenger birds aremarkedwith a black arrow.

with pSGS1) and lASOT06 (n = 1; nestling male) in red kites
(Table 1; Figure 2). Concerning Plasmodium spp., we discovered
the following four new host–parasite interactions involving two
lineages: pRTSR1 in cinereous (n = 1; subadult female also co-
infected with lGYPBAR01), bearded (n = 1; subadult male), and
Egyptian vultures (n = 1; adult female), and pMILANS05 in the
red kite (n = 1; nestling female); the last individual also being
co-infected with lASOT1 (Table 1; Figure 2).

Considering all 13 haemosporidian-infected birds (reporting 15
host interactions as two individuals exhibited co-infection), the
most prevalent (33.3%) lineage was Leucocytozoon lGYPBAR01,
detected in cinereous (n = 1), bearded (n = 1), and Egyptian (n

= 3) vultures; followed by the Plasmodium pRTSR1 (20%), found
in cinereous (n= 1), bearded (n= 1), andEgyptian (n= 1) vultures;
and the Plasmodium pMILANS05 (13.3%) found in red (n = 1)
and black kites (n = 1). The other five lineages were detected
once: lCIAE02 in griffon vultures; lFIEB-L6 in Egyptian vultures;
and lASOT06, lASOT1, and pSGS1 in red kites (Table 1). At the
interspecific level, red kites exhibited the greatest diversity of lin-
eages (pMILANS05, pSGS1, lASOT1, and lASOT06), followed by
Egyptian vultures (pRTSR1, lGYPBAR01, and lFIEB-L6; Figure 3).
Bearded and cinereous vultures exhibited one lineage of each
parasite genus (lGYPBAR01 and pRTSR1), and the remaining
species (griffon vultures and black kites) were infected only with
lCIAE02 and pMILANS05, respectively (Table 1; Figures 2 and 3).
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FIGURE 3 Potential intra and inter-continental avian haemo-
sporidian infection/transmission routes among European scavenging
birds. All species considered here are migratory except the bearded
vulture (see Oliva-Vidal et al. 2022a). Cinereous and griffon vultures
are partial migrants across the trans-Saharan Africa (only by juveniles;
Ramírez et al. 2022; García-Macía et al. 2023; Moraga-Fernández et al.
2023) but both juveniles and adults can perform intercontinental move-
ments or even move to Mediterranean islands (Tobajas et al. 2024).
*Species with small sedentary Spanish populations.

4 Discussion

Our study provides the first molecular evidence of haemosporid-
ian infections across the entire European obligate scavenger
guild (griffon, cinereous, bearded, and Egyptian vultures) and
other facultative avian scavengers (red and black kites), reveal-
ing unexpected parasite diversity and previously undocumented
host–parasite interactions in these globally threatened species
(McClure et al. 2018; Safford et al. 2019). Despite their major eco-
logical roles, both the prevalence and diversity of haemosporidian
parasites in scavenging birds—particularly vultures—remain
poorly understood. This knowledge gap partly stems from early
studies relying onmicroscopy, which failed to detect infections in
large samples of griffon vulture nestlings from Spain, reinforcing
the assumption of low susceptibility in this guild (Blanco et al.
1998; Tella et al. 1999). However, the advent of molecular tools
has revealed amore complex host–parasite landscape across birds
(Bensch et al. 2009), though data for obligate avian scavengers
remain scarce (but see Yabsley et al. 2018; Chakarov and Blanco
2021).

Using a nested-PCR approach, we document haemosporidian
infections in all six European avian scavenger species examined—
including both obligate and facultative species—across all age
classes of free-ranging individuals. Notably, we detected Plasmod-
ium and Leucocytozoon infections in both endangered bearded
and Egyptian vultures, uncovered a high lineage diversity—
including a novel Leucocytozoon lineage (lGYPBAR01) found in
all European vultures but the griffon vulture—and identified sev-
eral new host–parasite associations. In contrast, noHaemoproteus
spp. were detected. These findings are of major conservation

relevance, as previous molecular studies in Iberian vultures have
focused exclusively on nestlings and reported only Leucocytozoon
spp. (Chakarov and Blanco 2021), suggesting a narrower host–
parasite spectrum than our results reveal. Most haemosporidian
research in raptors has been limited to nestlings or rehabilitation
center admissions (Krone et al. 2008) due to the difficulty
of sampling free-living adults. Our study therefore establishes
a critical baseline for haemosporidian disease ecology in this
globally endangered functional guild with clear implications for
conservation management.

Although overall prevalence was low (3.4%), this value is con-
sistent with those reported for other raptor populations (e.g.,
Chakarov and Blanco 2021; Zerek et al. 2023; Subaneg et al.
2024) andmay reflect biological traits specific to avian scavengers.
One possible explanation is the limited presence of competent
vectors in the study area, as vector availability is a key constraint
on haemosporidian transmission (Santiago-Alarcon et al. 2012).
Host-related factors may also play a significant role; for example,
genetic resistance or acquired immunity could reduce infection
rates, particularly in populationswith historical exposure to these
parasites (Atkinson et al. 2001; Muriel 2020). Behavioral traits
might further reduce infection risk—such as cavity-roosting,
high perching sites, or strictly diurnal activity patterns—that
limit contact with crepuscular or nocturnal mosquito vectors
(Darbro and Harrington 2007; Clayton et al. 2010). Some birds
may even move to higher altitudes to avoid vector-rich environ-
ments (Atkinson and LaPointe 2009), which is consistent with
observations by Chakarov and Blanco (2021), who found higher
haemosporidian prevalence in nestling griffon vultures raised in
tree nests compared to those in cliff nests. Regarding facultative
avian scavengers, we observed an overall prevalence of 8.3% in
black and 4.8% in red kites—figures in line with previous reports
from Spain (Pérez-Rodríguez et al. 2013) and slightly higher than
those observed in obligate scavenger species. Alternatively, these
low prevalence values may also result from infections in closely
related breeding raptor species that do not complete their full
life cycle in these new hosts, leading to abortive development of
haemosporidians and rendering them dead-end hosts (Dimitrov
et al. 2015). In this context, PCR amplification of DNA does
not necessarily indicate that the host is fully susceptible or
capable of supporting the development of infective stages that
can be transmitted to a new host (Valkiūnas and Atkinson 2020).
Therefore, further studies examining the presence of infective
stages, such as gametocytes circulating in the peripheral blood,
are essential to demonstrate the true competence of these avian
hosts.

We found the highest overall haemosporidian prevalence in black
kites, followed by cinereous vultures, red kites, and Egyptian,
bearded, and griffon vultures. This pattern supports the idea
that tree-nesting species (e.g., kites and cinereous vultures) are
generally more susceptible to infection than cliff-breeders (e.g.,
griffon, bearded, and Egyptian vultures) (Chakarov and Blanco
2021). This highlights the ecological heterogeneity within the
scavenger guild, as differences in habitat preferences (trees vs.
cliffs) and characteristics (e.g., breeding altitude) may strongly
influence exposure to vectors. However, the absence of infection
in cinereous vulture nestlings from a Pre-Pyrenean colony sug-
gests that species-specific traits can modulate infection risk even
among tree-breeders (Bukauskaitė et al. 2024). Beyond breeding
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habitat, other ecological traits—such as trophic behavior, use of
anthropogenic food sources (e.g., landfills and supplementary
feeding stations), or other predictable aggregation sites—could
further shape exposure to infected vectors, particularly in highly
mobile or gregarious species (Pérez-Rodríguez et al. 2013; van
Overveld et al. 2020). Such sites, regardless of their level of “clean-
liness,” may facilitate parasite transmission if birds remain there
for a sufficient time, and repeated or consistent use of the same
location could further enhance transmission effectiveness by
attracting vectors over time. Scavenging birds frequently exploit
landfills and supplementary feeding stations (Tauler-Ametller
et al. 2017, Tauler-Ametlller et al. 2019; Arévalo-Ayala et al. 2023),
which often attract large mixed-species flocks and competent
vectors and are linked to increased risk of pathogen exposure and
contact with emerging environmental pollutants (Qasim et al.
2020; Oliva-Vidal et al. 2022a; Sangkachai et al. 2024). Such aggre-
gation sites could facilitate cross-species malaria transmission
and therefore warrant further investigation (Ricklefs and Fallon
2002; Križanauskienė et al. 2006). Similarly, social structure
(gregarious vs. solitary) may be a key factor affecting exposure
and transmission rates, while the role of communal roosts,
bathing water points, and migratory stopover sites—potential
hubs for parasite exchange—remains largely unexplored. Overall,
this ecological heterogeneity, spanning breeding habitats, feeding
behaviors, and sociality, may be critical for understanding the
variation in haemosporidian prevalence and diversity among
scavenger birds.

Migration behavior and long-distance movements, both traits
intrinsic to all species studied but the bearded vulture (see
details in Oliva-Vidal et al. 2022a), could significantly affect the
distribution and patterns of vector-borne diseases. One of the
most important factors in the transmission of haemosporidians
is the presence of suitable vectors; thus migratory—or highly
mobile—species are exposed to a wider variety of vectors than
non-migratory ones, increasing the possibility of finding a suit-
able vector (Valkiūnas 2005). This idea is in line with our results,
since we found the greatest lineage diversity in red kites and
Egyptian vultures (see Table 1 and Figure 3). In contrast, although
black kites are also migratory and tree-nesting, we detected only
a single haemosporidian lineage (pMILANS05) in this species.
This low diversity may reflect the limited sample size for black
kites in our study (n = 12), together with the fact that only
one individual tested positive, despite this species showing the
highest overall prevalence in our dataset. Migratory birds play a
critical role in the emergence of new sources of infection at great
distances from their original (or endemic) areas and can expose
host populations to novel parasites or introduce them into new
geographic areas (Koprivnikar and Leung 2015). This scenario is
particularly critical for isolated bird populations that have not
co-evolvedwith certain pathogens, such as those inhabiting high-
altitude mountainous/alpine environments (e.g., the bearded
vulture), as these species often lack an evolved immune defense
and are thus highly susceptible to infections from novel parasites,
which could significantly affect their survival or reproduction
(Schmid-Hempel 2021).

Regarding nestlings, we also observed a low haemosporidian
prevalence (4.7%; 5/106), and only involving the Egyptian vulture
(5.8%; 3/52) and the red kite (10%; 2/20). Chakarov and Blanco
(2021) found a lower haemosporidian prevalence in nestlings of

griffon (3.1%) and Egyptian (5.3%) vultures than in cinereous
vultures (10.3%)—a tree-breeding species—identifying exclu-
sively Leucocytozoon spp. Bukauskaitė et al. (2024) investigated
haemosporidians in nestlings of three tree-breeding raptors in
temperate forests of Lithuania and found an overall prevalence of
30.5% and, similar to Chakarov and Blanco (2021), only detected
Leucocytozoon spp. Differences in haemosporidian occurrence
and diversity we found in contrast to those reported in vulture
nestlings from central Spain could potentially be related to
different environmental and landscape characteristics (Tamayo-
Quintero et al. 2025) that can drive different distributions of
suitable vectors at breeding sites and parasite richness in the
area (Valkiūnas and Atkinson 2020; Bukauskaitė et al. 2024).
Otherwise, the prevalence we found in red kite nestlings is
lower than that observed by Wiegmann et al. (2021) in Eastern
Westphalia, Germany (32.6%) and by Coeurdassier et al. (2021) in
France (28%). These findings support the idea that haemosporid-
ian prevalence in Spanish red kites is lower than that reported
in northern European areas, which could be explained by the
dryness of the Iberian environment, making it “apparently”
unsuitable for the main suitable vectors (Tella et al. 1999).
However, importantly, it is possible that some infections were
missed, as our nested-PCRprotocolmay underestimate the preva-
lence of Leucocytozoon infections due to its reduced sensitivity
for certain raptor-specific strains (Chakarov and Blanco 2021).
Future research combining the approach we used with optimized
protocols (e.g., Pérez-Rodríguez et al. [2013] would be therefore
valuable for gaining a more accurate understanding of the true
prevalence and diversity of haemosporidian parasites in raptors.

Interestingly, we identified Leucocytozoon spp. in 80% (4/5) of the
infected nestlings—comprising three different lineages, includ-
ing one newly discovered (lGYPBAR01). Specifically, lineages
lFIEB-L6 and lGYPBAR01 were found in one and two Egyptian
vultures, respectively, while lineage lASOT06 was detected in one
red kite. An unexpected finding was that one red kite harbored
the lineage pMILANS05 (see Table 1). To our knowledge, this
represents the first record of a nestling infected with this parasite
lineage within the European avian scavenger guild to date,
evidencing the presence of suitable vectors in the study area.
This fact is remarkable since pMILANS05 has only been found
in adult black kites from Spain (Pérez-Rodríguez et al. 2013) and
in a single Western marsh harrier (Circus aeruginosus) (parasite
spp.: P. aff. elongatum) from Austria (Harl et al. 2022). Second,
pMILANS05 was also found in the ruddy quail-dove (Geotrygon
montana) in Jamaica (Santiago-Alarcon et al. 2010), cattle egret
(Bubulcus ibis) in Africa (Villar Couto et al. 2019), ruff (Philo-
machus pugnax) in Malawi and the Netherlands (Mendes et al.
2013), and Culex neavei from Cameroon (Njabo et al. 2011), while
Plasmodium—and Haemoproteus—genera were never reported
in red kites. Conversely, several haplotypes of Plasmodium have
been reported in black kites, thus supporting that its transmission
occurs in African wintering grounds (Pérez-Rodríguez et al. 2013;
Nourani et al. 2020). This idea is in line with our findings, since
we found pMILANS05 in one adult black kite, and reported
for the first time pRTSR1 in one adult Egyptian vulture (which
has also recently been detected in black kites from Turkey;
Zerek et al. 2023). Our findings therefore partially agree with the
hypothesis that transmission of many haplotypes of Plasmodium
and Haemoproteus takes place exclusively in African wintering
grounds and apparently not in Europe, possibly due to the lack
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of suitable vectors (Valkiūnas 2005; Pérez-Rodríguez et al. 2013).
At the same time, our results indicate that transmission of both
Leucocytozoon and Plasmodium spp. may also occur at European
breeding sites, suggesting the presence of suitable vectors in
Spain.

Investigating blood parasite occurrence and richness in nestlings
provides valuable information on local parasite transmission,
which is crucial for understanding the dynamics of avian
malaria and other emerging vector-borne infectious diseases (e.g.,
Moraga-Fernández et al. 2023). Monitoring haemosporidians in
nestlings of different species and populations can therefore help
track changes in parasite prevalence patterns and diversity over
time in breeding areas (Bukauskaitė et al. 2024). For instance,
we found the same lineage (lGYPBAR01) in two Egyptian vulture
nestlings from nests that are ≈40 km apart, while the remaining
nestlings (one Egyptian and two red kites) were infected with
different Leucocytozoon lineages and one Plasmodium lineage
(see above), and nests were also located several kilometers away.
Concerning non-nestlings, we also found pRTSR1 in one subadult
Pyrenean bearded vulture male and in one subadult cinereous
vulture female from Central Spain. In addition, we found co-
infection—which is known to increase virulence (Palinauskas
et al. 2011; Dimitrov et al. 2015)—with Plasmodium relictum
(lineage SGS1) and lASOT1 in one adult red kite male. This
finding is also of concern because, to our knowledge, it represents
the first record of an adult red kite harboring P. relictum. This
parasite was only previously found in one red kite nestling in
France, which also exhibited co-occurrence with Leucocytozoon
sp. (lMILVUS1) (Coeurdassier et al. 2021).

Our report may have conservation relevance, as P. relictum
is the most prevalent and widely distributed haemosporidian
parasite, commonly associated with virulent disease (Garnham
1966; Remple 2004). Among its different haplotypes/lineages, we
foundpSGS1,whichhas been frequently reported in Spanish birds
(Garcia-Longoria et al. 2019; Ferraguti et al. 2018; Muriel et al.
2018) and in local vectors (Martínez-de la Puente et al. 2021).
This cosmopolitan parasite is considered a serious bird pathogen
because of its well-known invasive behavior and fatal outcomes
(van Riper et al. 1986; Marzal et al. 2015; Meister et al. 2021)
that depend on the host species and its adaptability to infection
(Valkiūnas et al. 2018). Although its effects in raptors appear less
severe than in other avian hosts (Remple 2004; Coeurdassier et al.
2021), its detection in an adult red kite is noteworthy. The red
kite is one of the few migratory raptor species believed to breed
exclusively in Europe. Spain plays a critical role in preserving
this species (hosting ≈50 000 individuals in winter, roughly
80% of the European population; BirdLife International 2021),
but its populations are still declining, which led to updating its
conservation status as “Endangered” on the Red List of Spanish
birds (López-Jiménez 2021) and on the Spanish Catalogue of
Species of Concern (RD 139/2011). Several threats dominated
by anthropogenic pressures have contributed to its decline, but
the potential population consequences of avian malaria remain
unknown. In fact, only Pérez-Rodríguez et al. (2013) assessed
haemosporidian patterns and diversity in Spanish red kites. The
fact that P. relictum is now shown to infect this species raises
speculation about its potential impacts on vulnerable populations
that are not recovering.

In Spain, the bearded vulture is designated as “Endangered”
and both Egyptian and cinereous vultures as “Vulnerable” (RD
139/2011). Because they are priority species of concern, poli-
cymakers and technicians are required to design conservation
measures to improve their habitat and populations. Within
the framework of national law 42/2007 (Directive 92/43/CEE
and 2009/147/CE), negative population trends reported in these
species have led to the implementation of Recovery Plans
(bearded vulture and red kite) or Conservation Plans (Egyptian
and cinereous vultures), which should diagnose and assess the
main threats for each species, including health status. Anthro-
pogenic pressures at multiple threat levels have driven the
obligate scavenger guild to a critical global state (Margalida
and Ogada 2018; McClure et al. 2018). However, the potential
impact and population consequences avian malaria may cause
in these populations remain unknown, despite the notorious
devastating precedents observed in some wild populations and
European zoo-kept birds—including lethal disease of captive
birds (Olias et al. 2011; Meister et al. 2021). This knowledge gap
clearly points to the urgent need for further research on parasite
ecology to better understand avian malaria patterns and para-
site/vector richness and distribution in this critically endangered
guild.

In the Pyrenees, weather conditions have traditionally been
considered suboptimal for the presence of suitable vectors. How-
ever, both Haemoproteus and Leucocytozoon spp. infections have
recently been reported in the endangered Pyrenean capercaillie,
a species with restricted habitat in high-altitude (e.g., from>2000
m a.s.l.) forests (Nicolás de Francisco et al. 2023). In fact, altitudes
around 2000mmay still provide favorable summer conditions for
some vector groups, such as blackflies and bitingmidges, particu-
larly when forest desiccation is not an issue and low temperatures
do not limit insect development—as is likely the case in much of
Spain. Although Haemoproteus spp. are cosmopolitan and often
occur in high prevalence (Valkiūnas 2005; Clark et al. 2014),
we did not detect infection by this genus. Further, preliminary
research suggests the presence of vectors (e.g., sand flies and
Culexmosquitoes) in bearded vulture territories located at>2000
m a.s.l., and especially in higher abundance at lower altitudes
in the Pre-Pyrenees, infected with P. relictum and P. vaughani
and other emerging pathogens such as the West Nile Virus
(González-Serrano et al. 2019). This demonstrates the presence
of suitable vectors (including common mosquitoes) in mountain
environments that are often assumed to be less favorable for
these insects (but see Loureiro et al. 2024), particularly during
the chick-rearing period. Our outcomes, therefore, highlight
that suitable Leucocytozoon and Plasmodium vectors may be
present even at high altitudes, potentially facilitated by current
environmental conditions, including rapid climate changes and
global warming (Chapa-Vargas et al. 2020).

5 Conclusions

Our first assessment of molecular prevalence and genetic diver-
sity of avian malaria parasites in European scavenger birds
provides novel findings of significant conservation interest, show-
ing (i) infection across all six avian scavenger species examined,
(ii) several new host–parasite interactions (e.g., 10 new records
of lineages in different avian scavenger species apart from their
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documented hosts to date), as well as (iii) a new Leucocytozoon
lineage (lGYPBAR01) infecting all European vultures except the
griffon vulture. Our investigation is also the first to report the
presence of pMILANS05 in a red kite nestling, pRTSR1 in an adult
Egyptian vulture, and, notably, P. relictum (lineage pSGS1)—
a cosmopolitan malaria parasite listed by the IUCN as one of
the 100 worst invasive species worldwide due to its devastating
effects on native avifauna when established outside its natural
range—in an adult red kite. Although we detected different
haemosporidian lineages among obligate and facultative species,
our results suggest that a scavenging diet alone is unlikely to
determine infection risk. Instead, other species-specific ecologi-
cal traits—such as feeding site use, degree of aggregation, social
versus solitary behavior, or migratory habits—may modulate the
likelihood of infection in this guild. We highlight that rising
temperatures may increase the occurrence, distribution, and
intensity of avian malaria and its vectors. Our findings will
contribute to the understanding of avian malaria in European
obligate and facultative scavenger birds and encourage further
research on parasite ecology and dynamics in this endangered
guild in the current scenario of global warming.
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G. Valkiūnas. 2006. “Variation in Host Specificity Between Species of
Avian Hemosporidian Parasites: Evidence from Parasite Morphology and
Cytochrome B Gene Sequences.” Journal of Parasitology 92: 1319–1324.

Koprivnikar, J., and T. L. Leung. 2015. “Flying with Diverse Passengers:
Greater Richness of Parasitic Nematodes in Migratory Birds.” Oikos 124:
399–405.

Krone, O., J. Waldenström, G. Valkiūnas, et al. 2008. “Haemosporid-
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TABLES1Diversity of the threehaemosporidianparasite genera
(Haemoproteus,Leucocytozoon andPlasmodium) that have beenglobally
reported as causative agents of avianmalaria in theworld’s 23 vulture
species inhabiting both theOld andNew (colored in gray)World to
date.TABLES2Sampled individuals (n= 383) by species, age and
sex.TABLES3Prevalence values (in percentage) of haemosporidian
parasites including the three genera tested according to the age classes
(i.e., nestling, juvenile, subadult andadult) found in the bloodof free-
living obligate (griffon, cinereous, bearded andEgyptian vultures) and
facultative (red andblackkite) avian scavengers sampled inNE (Pyrenees,
Pre-Pyrenees) and central (Toledo) Spainduring theperiod 2017–2022.
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