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Abstract Exotic pathogens have been implicated in the
decline and extinction of various native-island-bird species.
Despite the fact that there is increasing concern about the
introduction of diseases in island ecosystems, little is
known about parasites in the islands of Macaronesia. We
focus on Berthelot’s pipit (Anthus berthelotii), an endemic
and widespread Macaronesian bird species, using a combi-
nation of field studies and molecular techniques to
determine: (1) the range and prevalence of avian pox and
malaria in Berthelot’s pipits throughout the species’
distribution, (2) the genetic characterization of both para-
sites in order to ascertain the level of host specificity. We
sampled 447 pipits across the 12 islands inhabited by this
species. Overall, 8% of all individuals showed evidence of
pox lesions and 16% were infected with avian malaria,
respectively. We observed marked differences in the
prevalence of parasites among islands both within and
between archipelagos. Avian pox prevalence varied be-
tween 0–54% within and between archipelagos and avian
malaria prevalence varied between 0–64% within and
between archipelagos. The diversity of pathogens detected
was low: only two genetic lineages of avian malaria and
one lineage of avian pox were found to infect the pipit
throughout its range. Interestingly, both avian malaria

parasites found were Plasmodium spp. that had not been
previously reported in the Macaronesian avifauna (but that
had been observed in the lesser kestrel Falco naumannii),
while the avian pox was a host specific lineage that had
previously been reported on two of the Canary Islands.

Introduction

Although identifying unambiguous causal relationships
between the introduction of pathogens and extinction has
proved elusive, pathogens have been implicated in the
extinction of various island bird species, (Wikelski et al.
2004; Smith et al. 2006). Avian pox and avian malaria are
two pathogens that have been identified as major problems
for the conservation of endemic bird species inhabiting
islands (Warner 1968; van Riper et al. 1986, 2002;
Kleindorfer and Dudaniec 2006). Both pox and malaria
have been implicated in the decline and extinction of a
number of endemic bird species (e.g., van Riper et al. 1986,
2002; Vargas 1987), and the impact of their introduction on
the avifauna of archipelagos, such as the Galápagos and
Hawaii, has been disastrous (Warner 1968; van Riper et al.
1986, 2002). However, the negative effects of infection on
a range of parameters such as antipredator defenses (Laiolo
et al. 2004, 2007), male pairing success (Kleindorfer and
Dudaniec 2006), average productivity (Carrete et al. 2008)
and individual survival (Møller and Nielsen 2007) has only
recently been investigated.

Understanding the identity, prevalence and host range of
parasites is essential to understand the limits of their
transmission, host specificity and virulence, but also to
provide insights into the impact of invasive diseases on
native species through population monitoring. In addition,
this information will help asses risk management for such
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activities as the transfer of host species to new habitats and
islands.

The Macaronesian region (i.e., Azores, Madeira, Selva-
gens, Canaries and Cape Verde) has been the subject of
considerable ornithological research (e.g. Hazevoet 1995;
Martín and Lorenzo 2001; Oliveira and Menezes 2004;
Lorenzo 2007). However, while the presence of pathogens
has been documented in the avifauna, this work is very
limited and/or anecdotal. Little work has been done on the
genetic identity, prevalence, geographic distribution or
impact of pathogens. For example, avian pox has only
been reported in three wild species across three islands in
the Canaries (Medina et al. 2004; Smits et al. 2005) while
avian malaria (Haemoproteus columbae) has only ever been
reported in common pigeons (Columba livia) living in the
capital of Tenerife (Foronda et al. 2004). Given the
diversity and prevalence of pathogens across bird popula-
tions around the world (Waldenström et al. 2002; Wikelski
et al. 2004; Beadell et al. 2004, 2006; Pérez-Tris et al.
2007; Thomas et al. 2007), there is little doubt that similar
pathogens will be prevalent throughout the Macaronesian
islands. Gaining detailed information on the identity,
distribution and impact of these pathogens across these
isolated archipelagos is of scientific interest as it will allow
us to investigate processes such as within-host parasite
speciation and host resistance evolution across multiple
populations of the same species (Bonneaud et al. 2006;
Pérez-Tris et al. 2007; Loiseau et al. 2008). Gaining such
information should also be a conservation priority due to
the high number of endemic bird species that inhabit these
islands (Stattersfield et al. 1998).

Berthelot’s pipit (Anthus berthelotii) is an endemic
passerine inhabiting the Canary, Selvagen and Madeiran
islands, where it is considered one of the most common
bird species inhabiting Macaronesia (Oliveira and Menezes
2004; Illera 2007). The presence and prevalence of avian
pox has recently been documented in the pipit on two of the
Canary Islands (Smits et al. 2005), but there is no
information regarding the rest of its range. No studies have
been undertaken on avian malaria in this species. The aim
of the present study is to: (1) determine the prevalence of
avian pox and malaria in Berthelot’s pipit throughout the
species’ distribution (2) use molecular techniques to
identify and characterize the strain/species of these patho-
gens infecting the pipit and, (3) to ascertain the level of host
specificity of both diseases infecting this bird.

Materials and methods

Berthelot’s pipit is a small sedentary passerine (≈16 g
weight) that inhabits open and semi-arid habitats on all the
main islands and islets (18 in total) of the Canary Islands,

Madeira and Selvagens archipelagos (Fig. 1, Snow and
Perrins 1998). It is thought to have initially colonized the
Atlantic archipelagos during the late Pliocene (≈2.5 million
years, Voelker 1999) but appears to have only recently
dispersed (from south to north) across the Macaronesian
islands (Illera et al. 2007). The islands of these archipela-
gos, which are volcanic and have never been connected
with the mainland, vary widely in altitude. At 163 m above
sea level, Selvagen Grande is the lowest lying while
Tenerife, reaching a peak of 3,718 m, is the highest.
Berthelot’s pipit is especially abundant on the coastal
habitats of the main islands, but it can be also found in
alpine habitats at altitudes of up to ≈3,700 m above sea
level (Illera 2007).

Pipits were trapped on all the main islands across their
range (12 islands, ≥24 individuals per island). Birds were
captured using clap nets and ringed with a numbered
aluminum ring from the relevant Spanish or Portuguese
Environmental Ministries. Juveniles and adults were differ-
entiated on the basis of feather molt pattern (Cramp 1988).
Birds were meticulously examined for evidence of pox
lesions, which primary consisted of swollen growths on the
legs, feet or face (Smits et al. 2005). When found, a small
portion of one of the larger lesions was excised using a
sterile scalpel and placed into 800 μl of 100% ethanol in a
screw-cap microfuge tube that was subsequently stored at
room temperature. A small (approx 25 μl) blood sample
was also collected by venipuncture from each bird and
likewise preserved in 800 μl of 100% ethanol.

Fig. 1 Geographical location of the Macaronesian islands studied. SG
Selvagen Grande, CI Canary Islands
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DNA extraction was undertaken using the salt method
(Sunnucks and Hales 1996; Aljanabi and Martínez 1997).
Individuals were sexed using the molecular method
described in Griffiths et al. (1998). To detect avian pox
infections we used the P1 and P2 primers described in Lee
and Lee (1997), which encompass a region within the fowl
avian pox 4b core protein gene in order to amplify a
fragment of 498 base pairs (bp). The polymerase chain
reactions (PCR) were set up in 10 μl total volume
including, 5 μl of 2× ReddyMix PCR Master Mix
(Abgene), 0.5 μl (10 mM) of each primer, 1.0 μl MgCl2
(25 mM) and 1.5 μl of DNA (25 ng/μl), and performed on
a Tetrad 2 thermocycler using the following conditions:
initial denaturation at 94°C for 5 min followed by 37 cycles
of denaturation at 94°C for 30 s, with an annealing
temperature of 60°C for 30 s, and extension at 72°C for
1 min and a final extension at 72°C for 10 min. Sequencing
reactions were performed using the Perkin Elmer BigDye
terminator reaction mix in a volume of 10 μl using 1 μl of
PCR product and the primer P1 with the following
conditions: initial denaturation at 94°C for 2 min followed
by 25 cycles of denaturation at 94°C for 30 s, an annealing
temperature of 50°C for 30 s, and extension at 60°C for
2 min, followed by a final extension at 60°C for 1 min.

To detect malaria infections, we used a nested PCR that
amplifies a 422 (bp) fragment of the cytochrome b gene
(Hellgren et al. 2004; Waldenström et al. 2004). Reactions
of the initial PCR were set up in 10 μl total volume including
5 μl of 2x ReddyMix PCR Master Mix (Abgene), 0.4 μl
(10 mM) of primers HaemNFI and HaemNR3 (Hellgren et
al. 2004), 0.4 μl MgCl2 (25 mM) and 0.8 μl of DNA
(25 ng/μl). Reactions were performed on a Tetrad 2 thermo-
cycler following conditions suggested by Waldenström et
al. (2004). The final PCR was set up in 25 μl total volumes
including 12.5 μl of 2× ReddyMix PCR Master Mix
(Abgene), 0.5 μl (10 mM) of primers HAEMNF and
HAEMNR2 (Waldenström et al. 2004), 1.5 μl MgCl2
(25 mM) and 1.0 μl of amplicon from the initial PCR
(25 ng/μl). Reaction conditions for the final PCR were as
described in Waldenström et al. (2004). Sequencing
reactions were performed using the Perkin Elmer BigDye
terminator reaction mix in a volume of 10 μl using 1 μl of
PCR product and the primer HAEMNF with the same
conditions as used for the sequencing of the avian pox.

Sequences were edited and aligned by eye against
homologous sequences from other species/strains of avian
malaria or avian pox published in the National Centre for
Biotechnology Information (NCBI) gene bank database
(Table 1), plus one extra pox sequence obtained from a
Canary blue tit (authors unpublished data), using BIOEDIT
(version 7.01, Hall 1999), except the Molluscipoxvirus
sequence which was aligned using Clustal W program
(Chenna et al. 2003). Neighbor-joining trees were con-

structed with MEGA (version 4, Tamura et al. 2007) using
the Kimura 2 parameter model to ascertain phylogenetic
relationships between the strains of pathogens found in the
pipits and the other known avian malaria and avian pox
strains (Table 1). The avian pox and avian malaria trees
were rooted with sequences from one Molluscipoxvirus
species (Molluscum contagiosum virus, genbank accession
number U60315) and one Haemoproteus species (H.
sylvae, AY099040), respectively. Node support was
assessed with 10,000 bootstrap replicates.

Statistical procedures

In order to test whether sample size could be biased by sex
or age, two-way ANOVAs were performed to compare
avian pox and malaria prevalence in relation to sex and age
between islands. Arcsine square root transformed preva-
lence data was the dependent variable and sex and age were
the fixed factors. Islands without pathogens were excluded
from the analyses. Statistical analyses were performed
using SPSS 14.01.

Results

Geographical distribution of diseases

Of the 447 pipits sampled across the 12 islands, 33 (8%)
showed evidence of pox lesions while avian malaria
(Plasmodium sp.) was detected in 68 individuals (16%).
The prevalence of both diseases varied greatly across the
Macaronesian islands. We did not detect any malaria or pox
case on three islands: Selvagen Grande, Desertas, and
Madeira Island (Fig. 2). Overall, the distribution of avian
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Fig. 2 Prevalence (%) of individuals infected with avian pox and
malaria per island. TF Tenerife, GO Gomera, GC Gran Canaria, LZ
Lanzarote, FV Fuerteventura, EH El Hierro, GR La Graciosa, LP La
Palma, PO Porto Santo, MA Madeira, DE Desertas, SG Selvagen
Grande. Sample sizes are in brackets
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pox was restricted being found on only five islands within the
Canaries and one island (Porto Santo) within the Madeiran
archipelago (see Fig. 2). In contrast, avian malaria was
recorded within all the Canary Island populations and on
one island of the Madeiran archipelago (Porto Santo).
Considering only those islands that contained pox or
malaria, the prevalence within infected populations was
18% and 28% for avian pox and malaria, respectively. Pipits
inhabiting Porto Santo had the highest prevalence values of
avian malaria and the second highest of avian pox.
However, we did not find a clear geographical pattern of
pathogen prevalence across Macaronesia in relation to the
proximity to other islands. For example, Madeira, Desertas,
and Selvagens, the three islands closest to Porto Santo were
free of both pathogens, despite the fact that Porto Santo had
the highest overall levels of infection. Nevertheless, within
the Canaries, avian pox prevalence level showed a clear
gradient east to west from the highest to the lowest values,
but no such pattern was found for avian malaria.

There was no relationship between avian pox or malaria
infection and either sex or with age across Macaronesia.
For avian pox, two-way ANOVA, Sex, F1,21=0.00, P=
0.98; Age, F1,21=0.29, P=0.59. For avian malaria, two-way
ANOVA, Sex, F1,33=0.37, P=0.54; Age, F1,33=1.32,
P=0.26.

Genetic characterization

Sequences have been deposit in the National Centre for
Biotechnology Information (NCBI) gene bank database
under the accession numbers EU883532–EU883533 for
avian pox and EU883534–EU883535 for malaria.

Avian pox

We were able to extract and sequence avian pox DNA from
lesions taken from seven individuals (six from Porto Santo
and one from Lanzarote). All seven sequences were
identical. In a neighbor-joining phylogenetic analysis, the
Berthelot’s pipit’s avian pox sequence (named as V5PO)
was placed (with moderate bootstrap support, 78%) within
a clade of pox lineages that mainly parasitize passerines
(Fig. 3, node A). Measured across 428 bp of aligned
sequence, the genetic similarity between the Berthelot’s
pipit pox and the canarypox virus was 92.5%, with
pigeonpox, it was 84.6%, and with fowlpox, it was 79.7%.

Malaria

Overall, 28 positive samples (between two and eight
samples per infected island) were sequenced. Two strains
of avian malaria (Plasmodium sp.; named as TF413 and
PAL282) were detected in the Berthelot’s pipit. The two

strains differ from each other at three base pairs (0.7% of
the length). We did not find any individual infected with
more than one strain. TF413 (n=26) was most common and
was distributed throughout all islands except La Palma,
where the only infected individual found contained the
strain PAL282. This PAL282 strain was also found in one
individual from El Hierro Island but nowhere else.

In a neighbor-joining analysis, the two pipit malaria
strains were grouped together with high bootstrap support
(96%) with two strains (LK5 and LK6) recently isolated
from the Lesser Kestrel, (Falco naumanni) a small raptor
breeding throughout Eurasia and wintering in sub-Saharan
Africa (Fig. 4, node A; Ortego et al. 2007). These two pipit
and two kestrel strains plus P. rouxi and two other unnamed
Plasmodium species form a monophyletic group with high
(92%) bootstrap support (Fig. 4, node B). The 411 base
pairs that could be aligned between the kestrel/pipit strains
all matched exactly: LK5/PAL282 and LK6/TF413, strongly
suggesting that these paired strains are the same.

Discussion

We found a low overall prevalence of avian pox and avian
malaria (8% and 16%, respectively) in populations of
Berthelot’s pipit across Macaronesia compared to other
species (Beadell et al. 2004; Atkinson et al. 2005; Fallon et
al. 2005; Pérez-Tris et al. 2007). However, there was
considerable variation in prevalence between archipelagos
and between islands within archipelagos (0–54%; 0–64%),
for pox and malaria, respectively. The Canary Islands had
the highest overall level of infections—all islands were
infected with malaria and 5/9 of them by avian pox. Only
one island of the Madeiran archipelago (Porto Santo)
contained pipits infected by both malaria and pox, while
the Selvagen Grande population was free of both these
pathogens (Fig. 2).

The reason(s) behind the variation in pathogen prevalence
among populations is difficult to ascertain based on the
information currently available. It is plausible that the
potential for transmission may differ between islands (van
Riper et al. 1986, 2002; Freed et al. 2005). The main vector
known to transmit both diseases in Macaronesia is the
arthropod Culex pipiens (introduced by man in at an
unknown date), which is distributed throughout all the
islands included in this study except Desertas and Selvagens
(Capela 1982; Báez and García 2004). This result could
explain the absence of both parasites in these islands but not
in Madeira. Unfortunately, information available about the
relative abundance of C. pipiens among islands or its
distribution and abundance between habitats within islands
is scarce. Work is needed to determine if and how the
abundance of vector populations differs between population
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(and habitats) and how this relates to infection rates.
However, various factors, including levels of rainfall and
temperature, have been associated with differences in
mosquito abundance and, consequently, the prevalence of
avian pox and avian malaria in other studies (Freed et al.
2005; van Riper et al. 2002; Vander Werf et al. 2006). There
are very significant differences in rainfall (but not in
temperature) between the Macaronesian islands (e.g., García
et al. 2001). For instance, precipitation in the Canary Islands
increases from east to west. La Palma and El Hierro islands
are the wettest (>700 mm/annum) while Fuerteventura and
Lanzarote are the most arid (<200 mm/per annum, García et
al. 2001). Such patterns of rainfall could, potentially, explain
the variation in pathogen prevalence observed, however this
does not appear to be the case. Indeed, the pattern of avian

pox prevalence was the opposite of what would be expected
based on rainfall, while malaria prevalence was irregular
across this gradient—of the three wettest most westerly
islands, one (La Gomera) had the highest prevalence of
malaria while the other two other (La Palma and El Hierro)
had the lowest prevalence (Fig. 2).

In contrast to results from other studies on wild birds
(Buenestado et al. 2004; Atkinson et al. 2005), our
investigation found that the likelihood of being infected
with avian pox or malaria did not differ in relation to either
sex or age. Specifically, our results contrast with those of
Smits et al. (2005), whose findings indicate that in
Fuerteventura and Lanzarote adult Berthelot’s pipits had a
higher prevalence of avian pox than juveniles. However,
the study of Smits et al. (2005) was focused on only two
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islands with a limited sample size (n=139). We screened
more than three times as many individuals (n=447)
throughout all islands of the three archipelagos (≥24 birds
per island) and so, are confident that our results are not an
artifact of the sampling method used (Jovani and Tella
2006). Nevertheless, we cannot exclude the possibility that
other parameters such as the timing or number of
individuals caught per season and differing meteorological
conditions between sampled years could be the causative
agents of the differences detected.

Genetic characterization

We found only two strains of avian malaria infecting the
pipits across all the Macaronesian islands (one of these was
restricted to the Canaries) and one strain of avian pox.
These are low levels of lineage diversity compared to other
bird species parasitized (Fallon et al. 2005; Beadell et al.
2006; Jarmin et al. 2006; Pérez-Tris et al. 2007). Unfortu-
nately, there is no information on the distribution or

prevalence of avian malaria and limited information on
pox lineages for other Macaronesian bird species, which
prevents us from constructing any overall hypotheses for
the low diversity in the Berthelot’s pipit.

The avian pox lineage found in this study is, as far as we
know, exclusive to the Berthelot’s pipit (Fig. 3). It is
different from the pox lineage found in one individual of
the Canary blue tit (Fig. 3) and also from that identified
in the short-toed lark (Calandrella rufescens), another
endemic passerine inhabiting the same semi-arid habitats
in the central and eastern islands of the Canary Islands
(Smits et al. 2005). One puzzling result was that we found
a different level of similarity between the pipit avian pox
and strains of canarypox and fowlpox virus compared to
that found by Smits et al. (2005) who also identified a pipit
pox virus. Unfortunately, it was not possible to compare
the sequence they found with the one we found, as theirs
has not been made publicly available. However, the most
likely explanation is that the previous study mistakenly
transposed the values reported for the Berthelot’s pipit and
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malaria sequences constructed
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short-toed lark as the values match up exactly when
switched around. Although our results contrast with the
absence of host specificity in Avipoxvirus strains found in
the Galápagos Islands (Thiel et al. 2005), sequencing of
more species parasitized across the Macaronesian Islands
will provide more conclusive information about the full
extent of host avian pox specificity within the region.

The two lineages of Plasmodium sp. found in Berthelot’s
pipit (Fig. 4) have also been identified in lesser kestrels
(Falco naumannii, Ortego et al. 2007). Recent molecular
studies have demonstrated that avian blood parasites of the
genera Haemoproteus and Plasmodium show a lower
degree of host specific than was previously thought (Bench
et al. 2000; Waldenström et al. 2002; Szymanski and
Lovette 2005), although it is lower in Plasmodium than in
Haemoproteus parasites (Beadell et al. 2004; Fallon et al.
2005). Our results are consistent with these findings in that
the Plasmodium parasites we detected do not appear to be
constrained by the phylogenetic relationships of their hosts.
As the lesser kestrel does not breed on any of the
Macaronesian islands, but is a trans-Saharan migrant that
only occasionally arrives as a vagrant (Martín and Lorenzo
2001); the possibility of cross-species transmission is
limited. However, the fact those identical lineages can be
found in both species means that either there is transmission
between these two hosts or that this is a relatively common
strain of malaria that has just yet to be detected in other
species that interact with both the kestrel and the pipit.

The low diversity of the avian malaria parasite lineages
found in the Berthelot’s pipit is striking. It contrasts, for
example, with six avian malaria lineages (n=586 individ-
uals screened) found in the lesser kestrel and 26 (n=415)
observed in the blackcap Sylvia atricapilla (Ortego et al.
2007; Pérez-Tris et al. 2007). The Canary Islands are close
to African mainland sources of host and parasite popula-
tions and receive a lot of migrants such as the blackcap
every year that could elevate parasite richness. Also striking
is the restricted distribution of avian malarial parasite
diversity within Berthelot’s pipit. The only population
hosting the two avian malaria strains was that of El
Hierro, the more distant of the Macaronesian Islands from
Africa. Future screening of more native bird species
inhabiting Macaronesia will help our understanding of the
full breadth of parasite diversity within the region, and
factors influencing the taxonomic, geographic, and ecolog-
ical structuring of this diversity.

Conclusion

Our results show that both avian pox and malarial infection
(Plasmodium sp.) occurs throughout the pipit’s range. This
is the first time that avian malarial infection has been

documented within a bird species endemic to Macaronesia.
The prevalence of avian pox and malaria was generally low
across pipit populations, but levels varied widely, with
more than 50% of individuals infected within some
populations. The high density of Berthelot’s pipit in
Macaronesia (Illera 2007) means that it is unlikely these
pathogens threaten the local extinction of island pipit
populations, at least, in the short term. However, we cannot
exclude the possibility that those islands not infected may
be more susceptible to these parasites. Our conclusion is
that avian pox is endemic within the Berthelot’s pipit but
malaria is not host specific. Although they may impact on
individual health and fitness, they apparently do not limit
the population.
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Appendix

Table 1 Parasite sequences used in this study

Parasite Host Abbreviation GeneBank

Canarypox Serinus canaria AM050375

Canarypox Serinus canaria AM050384

Sparrowpox Passer domesticus AM050390

Sparrowpox Passer domesticus AM050389

Houbarapox Chlamydotis

undulata

AM050381

Sparrowpox Passer domesticus AY530308

Canarypox Serinus canaria AY318871

Stone curlewpox

virus

Burhinus

oedicnemus

AY530310

Great Titpox virus Parus major AY453174

Great Titpox virus Parus major AY453175

Great Titpox virus Parus major AY453173

Blue titpox virus Parus teneriffae EU883533

Berthelot’s pipitpox

virus

Anthus berthelotii V5PO EU883532

Pigeonpox Columba livia AM050386

Pigeonpox Columba livia AY453177

Macawpox Ara spp. AM050382

Parrotpox Amazona spp. AM050383

Agapornispox Agapornis spp. AY530311
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