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Abstract The apparent scarcity or absence of blood parasites
in some avian groups, such as seabirds, has been related to
intrinsic and extrinsic factors including host immunological
capacity, host-parasite assemblage, and ecological parameters,
but also to reduced sensitivity of some methods to detect low
parasite prevalence/intensities of infection. Here, we exam-
ined the haemosporidian parasite prevalence in a breeding
population of Cory’s shearwater Calonectris diomedea
borealis, a long-distance migrant seabird, nesting in the
Macaronesian region, in the Eastern Atlantic. Previous studies
on Calonectris diomedea complex were based on small sam-
ple sizes providing weak evidence for a lack of infections by
haemoparasites. Here, we investigated the presence of both
parasite infections in C. d. borealis and larvae of potential
mosquito vectors on the area. By employing a PCR-based
assay, we extensively examined the prevalence of blood par-
asites belonging to the genera Plasmodium, Haemoproteus,
and Leucocytozoon in 286 individuals from different life

stages (i.e., chicks, immatures, sabbatical, and breeding
adults), facing their specific energetic trade-offs (immunolog-
ical functions vs. life history activities). We sampled imma-
tures and adult shearwaters, of different sexes, ages, and mi-
gratory origins, from two sub-colonies. None of the sampled
individuals were infected by these parasites, supporting the
hypothesis that there was no in situ or ex situ transmission
of vector-borne parasites in marine habitats irrespective of
host’s life stage and in spite of the presence of the potential
Plasmodium vector Culiseta longiareolata breeding in the ar-
ea. These results suggest that the lack of transmission of hae-
mosporidian parasites on Selvagem Grande may be related to
the lack of suitable dipteran vectors at the study sites, which
may result from the geographic isolation of this area.
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Introduction

Birds are commonly infected by several species of blood par-
asites causing detrimental effects in terms of body condition
and survival (Merino et al. 2000; Martínez-de la Puente et al.
2010). Prevalence and intensity of these parasites are highly
variable in space, with individuals of the same species show-
ing clear geographical variation, probably linked to differ-
ences in the susceptibilities of host populations and environ-
mental characteristics determining the distribution of suitable
vectors (Sol et al. 2000; Martínez-Abraín et al. 2004).
However, factors determining this geographical variation
may be diverse, potentially differing between species. Birds
living in marine, saline, arid, open, or alpine/high-latitude
habitats have often been reported to be free from blood para-
sites (Piersma 1997; Figuerola 1999), even in the presence of
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potential insect vectors (Ruiz et al. 1995; González-Solís and
Abella 1997). In seabirds, the most commonly observed blood
parasites belong to the genus Plasmodium that is transmitted
by mosquitoes (Fam. Culicidae).Haemoproteus is transmitted
by biting midges (Fam. Ceratopogonidae) and louse flies
(Fam. Hippoboscidae) while black flies (Fam. Simuliidae)
are the main vectors of Leucocytozoon (Valkiūnas 2005).
However, seabirds usually show a low prevalence or total
absence of haemosporidian parasites, and this apparent scar-
city of blood parasites may be linked to ecological or evolu-
tionary factors (Quillfeldt et al. 2010, 2011). The most plausi-
ble hypotheses (Martínez-Abraín et al. 2004) relate those find-
ings to (i) low host density or insufficient time for the coevo-
lution between birds and parasites to occur, (ii) short exposure
time to parasite infections, (iii) lack of a suitable host-parasite
assemblages (i.e., referring mainly to physiological compati-
bility to allow parasite development), and (iv) high immuno-
logical capacity of the avian hosts to fight off infections.
Furthermore, failure to detect parasite may also result from
methodological limitations. For example, it has been sug-
gested that the traditional microscopic inspections of blood
smears (Peirce 1981a, b) are generally less sensitive to detect
Plasmodium and Haemoproteus parasites if the intensity is
low (e.g., winter when transmission does not occur;
Valkiūnas 2005). Molecular-based approaches using sensitive
polymerase chain reactions (PCRs) can detect some
parasitemia missed by blood smears (e.g., Feldman and
Freed 1995; Bensch et al. 2000; Perkins and Schall 2002;
Ricklefs et al. 2005; Merino et al. 2008). This may result in
the underestimation of parasite prevalence, especially when
infections are of low intensity (Jarvi et al. 2002; Ricklefs
et al. 2005). However, false negatives are not completely ex-
cluded by molecular methods (Gomez-Diaz et al. 2010) and
established PCRs are still inaccurate for the identification of
some parasite species (Valkiūnas et al. 2016) and should be
combined with light microscopy (Bernotienė et al. 2016), es-
pecially for the case of birds suffering coinfections by differ-
ent lineages (Martínez et al. 2009; Gutierrez-Lopez et al.
2016). Underestimation of parasite prevalence is an issue of
great relevance in parasitological studies because the real
prevalence in a population (i.e., population prevalence) is gen-
erally unknown and its uncertainty is higher at low sample
sizes (Jovani and Tella 2006). Although there is a significant
number of studies on parasite infections in seabirds (Quillfeldt
et al. 2011), these were performed on relativelymodest sample
sizes (Jovani and Tella 2006).

Previous studies on Cory’s shearwaters, Calonectris
diomedea complex, including here the two seabird sister spe-
ciesCalonectris diomedea borealis andCalonectris diomedea
diomedea (Sangster et al. 2012), were based on small sample
sizes screened almost exclusively by means of traditional mi-
croscopic inspection of blood smears. This fact could limit the
sensitivity of parasite detection, as this method usually fails to

detect low (≤ 0.001%) parasitemia which is commonly found
in wild birds (Jarvi et al. 2002; Valkiūnas et al. 2016), espe-
cially in seabirds (Quillfeldt et al. 2011, 2014). That provides
weak evidence of infections by haemoparasites in this group
(Wink et al. 1979; González-Solís and Abella 1997; Quillfeldt
et al. 2010; Hervías et al. 2013, Table 1; and the MalAvi—
database for avian haemosporidian parasites, Bensch et al.
2009). C. d. borealis is a long-lived migratory seabird nesting
colonially on small isolated islands throughout the
Macaronesian region (North-East Atlantic) and overwintering
in different areas of the South Atlantic (Dias et al. 2011).

Here, we carried out a detailed study on this species where
we investigated the presence of both haemosporidian parasite
infections in a population breeding at SelvagemGrande Island
(Madeira archipelago) and larvae of potential mosquito vec-
tors. More specifically, because Cory’s shearwater has delayed
maturity (age of first reproduction 8.9 ± 1.7 (mean ± SD) years
Mougin et al. 2000) and adult breeders can skip reproduction
during several years, we screened parasite prevalence: (a)
among individuals in different stages of the life cycle (i.e.,
chick, immature of different ages, sabbatical, and breeding
adults) and (b) between breeding sub-colonies of different
sizes. We used the broadly used PCR-based approach by
Hellgren et al. (2004) to determine the prevalence (and even-
tually the genetic identity) of the parasites belonging to the
generaPlasmodium,Haemoproteus, and Leucocytozoon com-
monly found in infecting birds. Finally, we determined the
presence of potential parasite vectors by sampling mosquito
larvae in the only quasi-permanent freshwater pool located
close to the study colonies.

Methods

Host species

Cory’s shearwater, a medium sized, pelagic seabird, including
two sister species C. d. borealis and C. d. diomedea, nests
colonially in marine habitats in the North-East Atlantic
Ocean (Macaronesian region) and throughout the
Mediterranean region, respectively. C. d. borealis arrives at
its breeding ground in the NE Atlantic (Azores, Berlenga,
Madeira, Selvagem, and Canary Island) in March after a
trans-equatorial migration and leave the breeding ground in
the beginning of November heading to their wintering areas
located mainly in the South Atlantic Ocean (González-Solís
et al. 2007; Dias et al. 2011). Incubation starts at the end of
May (Zino et al. 1987) while hatching begins only at the end
of July (Granadeiro 1991). By then, most pre-breeder individ-
uals have already come ashore to visit their natal colonies
(authors’ pers. obs.). Females lay a single egg per clutch,
and chicks fledge in late October to early November
(Granadeiro 1991).
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Study area

During the breeding season of 2014, we studied a population
of C. d. borealis breeding on Selvagem Grande in the
Macaronesian region. Selvagem Grande Island has a surface
area of 270 ha (30°09′N, 15°52′W) and is located ca. 300 km
south of Madeira island, 160 km north of the Canary Islands
and approximately 350 km from the coast of North Africa.
The island hosts the largest population of C. d. borealis of
the world (ca. 30,000 breeding pairs, Granadeiro et al. 2006).

Data collection

This study was performed from July to August 2014 (early-
chick rearing). Chicks and adult breeders were blood-sampled
by puncturing the inter-digital membrane, and a blood sample
of approximately 0.2 mL was collected with a capillary tube
and maintained in absolute ethanol. In Selvagem Grande, we
collected blood samples from immature birds of different ages
and sabbatical individuals (see Campioni et al. 2016).
Breeders and nonbreeders from a different sub-colony (i.e.,
Baía das Cagarras) of the island (< 500 m away) were also
sampled to address potential differences between sub-colo-
nies. Due to the long-term monitoring of the Selvagem
Grande colony carried out since 2004, the age, sex, and repro-
ductive status of most individuals were known (Granadeiro
et al. 2006). Furthermore, 14 individuals were equipped with
geolocators in previous years, which provided information on
their wintering areas, and these individuals were sampled be-
fore and after their migration in 2014/2015. Finally, all indi-
viduals were sexed employing a molecular-based method fol-
lowing Griffiths et al. (1998). In March 2017, we also collect-
ed and identified 113 mosquito larvae found in the only quasi-
permanent freshwater pool located 400 m from the nearest
study nests.

Parasite analysis: blood sampling and DNA extraction

Genomic DNAwas isolated from blood samples using a stan-
dard chloroform/isoamyl alcohol procedure (Gemmell and
Akiyama 1996; Ferraguti et al. 2013), with minor

modifications. Each sample was introduced into individual
tubes containing 300 μl of lysis buffer (100 mM NaCl,
50 mM Tris-HCl pH 8, 50 mM EDTA pH 8, 1% SDS), 5 μl
of proteinase K (20 mg/ml), and 10 μl of DDT (1M) and then
kept on a shaker incubating at 55 ° C overnight. The following
day, an equal volume (320 μl) of 5 M LiCl was added to each
tube and then each sample was mixed by inversion for 1 min
after adding 630 μl chloroform/isoamyl alcohol (24:1). After
shaking the tubes, the samples were centrifuged for 15 min at
16,200×g and the supernatant (500 μl) was carefully removed
and transferred into a new tube, where 1 ml of absolute etha-
nol was added to precipitate the DNA overnight at − 18 ° C.
The next day, the DNA was recovered by centrifugation at
16,200×g for 15 min. The pellet was dried and washed with
70% ethanol and resuspended in 20 μl of milliQ water. For
some samples, with low concentration of red blood cells, a
Maxwell kit (Maxwell®16 LEV system Research (Promega,
Madison, WI) was used to extract DNA following the manu-
facturer instructions. We analyzed the prevalence of haemo-
sporidian parasites belonging to the genera Plasmodium,
Haemoproteus, and Leucocytozoon using the protocol de-
tailed by Hellgren et al. (2004) based on the amplification of
a fragment of the mitochondrial cytochrome b gene. In brief,
this method consists in a first PCR to amplify a DNA fragment
of the three parasite genera, followed by a nested PCR to
amplify each Plasmodium, Haemoproteus, or Leucocytozoon
DNA. Positive amplifications are assigned to parasite genus/
lineages by blast comparisons with available sequences de-
posited in GenBank database (National Center for
Biotechnology Information Blast). Positive and negative con-
trols were included in each plate. Negative samples in a first
screening were repeated twice to minimize the possibility of
false negatives.

Results

None of the 286 C. d. borealis sampled at Selvagem Grande
Island were infected by any of the three analyzed genera tested
(Table 2). All the mosquito larvae (n = 113) collected
corresponded to the species Culiseta longiareolata.

Table 1 Available studies on the blood parasites of Cory’s shearwaters and analytical procedure used

Study area Study species Sample size Method employed to detect blood parasites Reference

Aegean Isls.
(unknown)

C. d. diomedea 26 SMEAR Wink et al. (1979)

Chafarinas Isl.
(135°11′ N, 2°26′ E)

C. d. diomedea 38 SMEAR González-Solís and Abella (1997)

Berlenga Isl.
(39°24′ N, 9°30′ W)

C. d. borealis 15 PCR and SMEAR Quillfeldt et al. (2010)

Corvo Isl.
(39° 40′ N, 31° 7′ W)

C. d. borealis 53 SMEAR Hervías et al. (2013)
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Discussion

The results of this study showed that despite extensive sam-
pling of a large variety of individuals, birds from two sub-
colonies from Selvagem Grande Island were free from hae-
mosporidian parasites during all stages of their life cycle, from
the early stage as nestlings to that of experienced breeder
(range 8–26 years). The absence of infections inC. d. borealis
supports observations from previous studies on Cory’s shear-
waters corroborating the general trend of parasite occurrence
recorded in seabirds. Only four studies have been conducted
on the haemosporidian parasites infecting Cory’s shearwater
until now (Table 1). Total absence of these parasites has been
reported in previous studies using inspection of blood smears
(only one used PCR combined with smears; see Table 1) on
both C. d. borealis andC. d. diomedea from theMacaronesian
and Mediterranean regions, respectively. Also, no reports of
infections appear in the MalAvi database for bird species be-
longing to the Calonectris genus. Seabirds comprise species
for which the prevalence of blood parasite infections is gen-
erally low (mean haematozoa prevalence 8.7%, range 0–
27.7%, across 113 seabird species; Quillfeldt et al. 2011) com-
pared, for example, to 26% in a sample of 14,812 European
passerines (Scheuerlein and Ricklefs 2004). However, most of
the studies on seabirds, especially those on Cory’s shearwa-
ters, relied on small sample sizes (Table 1), which could have
biased parasite prevalence estimations (Jovani and Tella
2006). With one exception, previous studies only used micro-
scopic smear screening which could fail to identify the pres-
ence of parasite infections at very low parasite load (e.g., those
≤ 0.001%; Jarvi et al. 2002, see Table 1). In addition, the
absence of Plasmodium, Haemoproteus, or Leucocytozoon
parasites was recorded when both screenings of blood smears
and molecular methods were used to identify haemosporidian
infections in this species (Quillfeldt et al. 2011). Thus, al-
though the molecular approach may fail to amplify some par-
ticular parasite lineages potentially biasing our estimation of

parasite prevalence (Valkiūnas et al. 2016; Bernotienė et al.
2016; Gutierrez-Lopez et al. 2016), this possibility is of low
probability. Furthermore, the studies on shearwaters were lim-
ited to analyzing birds from a single life cycle stage potentially
differing in their susceptibility to parasite infections (Forero
et al. 2006).

Beyond the analytical issues, within-population variation
in susceptibility to parasite infections may arise in relation to
intrinsic and extrinsic ecological factors. For this reason and
because sexual differences in immunocompetence may lead to
different susceptibilities to parasite infections (Forero et al.
2006; Lobato et al. 2008), we extensively sampled birds from
both sexes. Similarly, because birds with different wintering
origins may differ in their exposure to parasite infections
(Gutierrez-Lopez et al. 2015), we sampled (n = 9) adult and
(n = 5) immature shearwater overwintering in distinct areas
(7% off the coast of Brazil, 72% South Africa, or 21%
Canary Islands). However, we did not find any birds infected
by haemosporidians.

Selvagem Grande is an isolated oceanic island character-
ized by low precipitation, high salinity, and exposure to winds
and as a consequence, relatively unsuitable for insect vectors
(e.g., Ceratopogonidae, Simuliidae, and many species of mos-
quitoes) requiring an aquatic larval stage to complete their life
cycles (see Super and van Riper III 1995). These meteorolog-
ical characteristics especially windy conditions have been sug-
gested limiting the presence of insect vectors (Fredeen and
Mason 1991; Martin et al. 1994; Martínez-de la Puente et al.
2009) in marine habitats (Jovani et al. 2001; Valkiūnas 2005)
and as a consequence of parasites, in comparison with inland
areas (i.e., mainland and/or large islands) thus providing sup-
port to Piersma’s hypothesis (1997). A differential distribution
of the vector Culex pipiens between islands of the Madeiran
archipelago (being absent in Selvagem Grande and Deserta
Grande) has been argued by Spurgin et al. (2011) as the main
reason explaining the variable prevalence of blood parasites in
Berthelot’s pipits from this area. While infected Berthelot’s
pipits were trapped in islands of the Macaronesia where the
vector is present, none of the birds captured in Selvagem
Grande (2006, n = 34; 2009, n = 42) were infected by blood
parasites (screened by PCR-based assay, Illera et al. 2008;
Spurgin et al. 2011). Despite that, the surveillance of mosquito
larvae conducted in the study area allowed us to confirm the
presence ofCuliseta longiareolata, an ornithophilic species of
the family Culicidae, competent for the transmission of two
avian Plasmodium parasites, the widespread Plasmodium
relictum and P. polare (Santiago-Alarcon et al. 2012).
Nevertheless, the role of Culiseta spp. as vectors of avian
malaria remains insufficiently investigated and no clear
results are reported in the literature. In addition, Spurgin
et al. (2011) observed significant effects of both island size
and isolation on pathogen species richness across islands, with
Selvagem Grande being the most isolated one, free from the

Table 2 Number ofC. d. borealis analyzed in this study with respect to
bird sex, colony, and the parasite prevalence. Analyzed blood samples
(Total) are shown according to life cycle stage, sex, and sub-colony of
origin (Plateau, Baía das Cagarras, B.C.)

Life cycle Sexa Colony Blood parasite

Stage Male Female Plateau B.C. Total Prevalence

Chick 71 60 140 – 140 0

Immature 44 6 54 – 54 0

Breeder 31 17 28 25 53 0

Sabbatical 10 9 19 – 19 0

Unknown 11 8 3 17 20 0

Total 167 100 244 42 286 0

a Sample size includes only birds successfully sexed
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avian malaria parasites and poxvirus. All this evidence sug-
gests that the absence of a parasite able to infect Calonectris
diomedea group and/or the lack of a suitable vector may ex-
plain the absence of haemosporidian parasites in shearwaters
breeding in small and highly isolated islands, such as
Selvagem Grande.

Conclusion and future directions

Our study strongly suggests that shearwaters are free of
blood parasites during their long lifetime. The absence of
in situ or ex situ transmission of vector-borne parasites in
C. d. borealis is likely due to the harsh environmental
conditions characterizing a marine location and geograph-
ic isolation of Selvagem Grande and the pelagic life style
of shearwaters during the nonbreeding period. However,
the reason(s) behind the absence of haemosporidian para-
sites among Cory’s shearwater populations across its
broad breeding range is difficult to ascertain based on
the information currently available (Table 1). The lack
of knowledge about the concurrent presence of the host
species and potential vectors (but see González-Solís and
Abella 1997) on different islands prevents us from draw-
ing conclusions for this species. Further studies should
focus on the occurrence of haemosporidian parasites in
the whole bird community breeding on Selvagem
Grande in order to understand the absence of parasites
in C. d. borealis and in particular to test the resistance
of this and other phylogenetically related species to infec-
tion by haemosporidians.
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