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Abstract Knowledge of the factors influencing the pat-
terns and distribution of parasite infections and disease
outbreaks is a major question in disease ecology and con-
servation research. In this study, we use a highly efficient
PCR approach to detect blood parasites and investigate the
factors influencing geographical variation in the distribu-
tion of leucocytozoids parasitizing nestling eagle owls
(Bubo bubo) over a 3-year study period. We found that
both prevalence and intensity of infections by the single
lineage of Leucocytozoon ziemanni infecting nestling eagle
owls in the study area increased with local owl population
density and decreased with nest height above sea level.
Overall, these results suggest that higher horizontal trans-
mission rates under higher host density conditions together
with the presence of adequate habitats for larval develop-
ment of vectors are relevant factors influencing blood
parasite distribution in the study system.
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Introduction

Infectious diseases have serious negative consequences on
human health and can be an important threat for wildlife
populations (Woodworth et al. 2005; Bermejo et al. 2006).
For these reasons, a major question in disease ecology is to
understand the factors influencing the patterns and distri-
bution of parasite infections and disease outbreaks. Inte-
grative ecological studies on the factors influencing disease
risk have important applied implications, especially at a
time when human-induced habitat alteration, global cli-
mate change, and transportation of vectors and pathogens
are favouring the emergence of novel infectious diseases
(Woodworth et al. 2005). Several host factors have been
found to determine parasite infection, including sex, host
population density and host behaviour (Anderson and May
1979; May and Anderson 1979; Mgller 1997; Arneberg
et al. 1998; Rohner et al. 2000; Wood et al. 2007). How-
ever, a number of less studied abiotic parameters have been
also identified as major determinants influencing the
occurrence of infections and this is likely to be particularly
relevant for vector-borne transmitted parasites (Balls et al.
2004; Omumbo et al. 2005; Githeko et al. 2006; Koenraadt
et al. 2006; Wood et al. 2007). For instance, in host—par-
asite-vector systems the presence of adequate conditions
for vector development is essential for the spread and
persistence of disease. The distribution over time and space
of such favourable conditions for vector proliferation is
usually much influenced by landscape composition on a
local scale (Omumbo et al. 2005; Wood et al. 2007).
Avian haematozoa of the genera Leucocytozoon (Hae-
mosporida, Leucocytozoidae) comprise a group of vector-
borne transmitted parasites that infect birds (Valkilinas
2004). In recent years, DNA sequencing has greatly
contributed to understanding several aspects of this host—
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parasite system, including relevant information on their
ecology and evolution (Perkins and Schall 2002; Sehgal
et al. 2006; Hellgren et al. 2007, 2008; Krone et al. 2008;
Martinsen et al. 2008; Ishak et al. 2008; Ortego and
Cordero 2009). Recent phylogenetic information is also of
great relevance because several apparent cryptic species
may show different transmission times or vectors, and
previous studies disregarding this variability may con-
found the factors influencing parasite transmission (Sehgal
et al. 2006; Pérez-Tris et al. 2007; Ishak et al. 2008) or
the consequences on host fitness (Marzal et al. 2008;
Ortego et al. 2008). However, data on Leucocytozoon are
still more sparse than for the sister genera Plasmodium
and Haemoproteus, and little is know on the factors
influencing their transmission at local (Ashford et al.
1990; Ortego and Espada 2007) or large spatial scales
(Hellgren et al. 2007; Pagenkopp et al. 2008).

In this study, we use a highly efficient PCR approach to
detect blood parasites and investigate the factors influenc-
ing geographical variation in the distribution of leucocy-
tozoids parasitizing nestling eagle owls (Bubo bubo) over a
3-year study period. Molecular techniques have now
revealed that nestling eagle owls are parasitized by a
unique lineage (EO1) of Leucocytozoon ziemanni (syno-
nym to L. danilewskyi; Valkitnas 2004) in our study
population from Central Spain (Ortego and Cordero 2009).
The prevalence of this lineage among individual nestlings
is 52.7 and 68.9% of the nests had at least one infected
nestling (Ortego and Cordero 2009). Leucocytozoids
infecting nestling eagle owls are a good model system for
exploring the factors influencing transmission of avian
haematozoa for several reasons. First, eagle owls fre-
quently have the first encounter with the parasite during the
nestling phase and their relatively long nesting period (ca.
50 days) in comparison with other bird species allows
reliable sampling of patent infections before fledging, i.e.
the parasite has time enough to progress through its life
cycle and appear in the bloodstream during the nesting
period (Ortego et al. 2007a). Second, sampling nestlings
provides precise information on the time and area of par-
asite transmission in comparison with studies based on
adult birds which could have acquired infections before
breeding or natal dispersal (Van Riper III et al. 1986;
Wood et al. 2007). Finally, nestling eagle owls do not
suffer important deleterious short-term effects of infections
by L. ziemanni (Ortego et al. 2007a; see also Korpiméki
et al. 1993), avoiding bias in parasite transmission esti-
mates that may occur if some individuals die after they
have encountered the parasite and before they can be
sampled (Bensch et al. 2007; Ortego et al. 2007b). For
these reasons, the eagle owl is a sensitive sentinel organism
for the study of the factors determining haemoparasite
transmission at local spatial scales.
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Materials and methods
Study population and field procedures

The study area (Toledo province, central Spain, 39°47'N,
4°04'W) covers 2,400 km? with meso-Mediterranean cli-
mate, mean temperatures ranging from 26°C in July to 5°C
in January and 300-400 mm of rainfall concentrated in
spring and autumn (see Ortego 2007 for detailed descrip-
tion). From March to early June 2003-2005 we monitored
74 successful nests of eagle owls in the study area. Nests
were generally visited at least two times during the nesting
phase. In a first visit we calculated the age of the chicks
according to their feather development by means of pre-
vious information from 11 nests containing chicks with
known hatching dates (Marchesi et al. 2002; Penteriani
et al. 2005). Laying date was calculated by subtracting
35 days, the average incubation period reported for this
species, from hatching date of the oldest sibling from each
nest (Snow and Perrins 1998). A second visit was con-
ducted when nestlings were 25—40 days old to obtain blood
samples and determine the prevalence and intensity of
blood parasite infections. The only blood parasite infecting
eagle owls in the study population is Leucocytozoon zie-
manni (Ortego et al. 2007a; Ortego and Cordero 2009) and
all nestlings which eventually become infected by fledging
had detectable gametocytes in the blood smears from age
25 days old (Ortego et al. 2007a). Thus, absences of L.
ziemanni after this age are not likely to be due to unreliable
sampling before infections are patent (Ortego et al. 2007a).
We collected blood by puncturing the brachial vein of
nestlings and transferred it to heparinized microcapillary
tubes. Immediately, a drop of blood was smeared on four
individually marked microscope slides. Each smear was
rapidly air dried, fixed with absolute ethanol and stained in
the laboratory with Giemsa’s solution (1/10) for 45 min.
We also preserved blood samples (100 pl) in ~ 1,200 pl
ethanol 96% at —20°C for molecular analyses. The sex of
chicks was determined by multiplex polymerase chain
reaction amplification of the CHD1 genes in the W and Z
chromosomes using the primers 2945F, cfR and 3224R
(Ellegren 1996).

Screening for blood parasite infections

We used NucleoSpin Tissue Kits (Macherey—Nagel,
Diiren, Germany) to extract and purify genomic DNA
from the blood samples. Each individual nestling was
screened for infections by Leucocytozoon ziemanni using
a highly efficient nested PCR protocol that amplifies a
524-bp fragment (including primers) of the mitochondrial
cytochrome b gene of these parasites (Hellgren et al.
2004). This method consists in two rounds: an initial 20
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cycles of PCR using the primers HaemNFI and HaemNR3
and a final 35 cycles of PCR using the internally nested
primers HaemFL and HaemR3L (Hellgren et al. 2004).
Reactions were performed in 25-pl. reaction volumes
containing 5 ng of template DNA, 1x reaction buffer
(67 mM Tris—HCL, pH 8.3, 16 mM (NH4),SOy4, 0.01%
Tween-20, EcoStart Reaction Buffer, Ecogen, Barcelona,
Spain), 2 mM MgCl,, 0.2 mM of each dNTP, 0.15 pM of
each dye-labelled primer (FAM, HEX or NED) and 0.1 U
of Tag DNA EcoStart Polymerase (Ecogen, Barcelona,
Spain). For the second PCR, 1 pL of the PCR product
from the initial PCR was used as template. We routinely
used positive (i.e. DNA from individuals with known
infections) and negative controls (i.e. samples with
ddH,O0 instead of genomic DNA as template) to ascertain
that the outcome of each PCR run was not affected by
contamination (Hellgren et al. 2004). Sample quality was
confirmed by amplification of the CHDI1 genes in the W
and Z chromosomes of eagle owls using the primers
2945F, cfR and 3224R (Ellegren 1996; see above). All
negative samples were confirmed by repeated PCR again
using positive and negative controls. The PCR programme
and thermal profile were as described by Hellgren et al.
2004, with the exception of using a 9 min denaturing at
95°C rather than 3 min at 94°C because we used a hot-
start polymerase (EcoStart, Ecogen, Barcelona, Spain).
All reactions were carried out on a Mastercycler Epgra-
dientS (Eppendorf, Hamburg, Germany) thermal cycler.
Positive or negative infections were scored running 2 pl
of the final PCR product on a 2% agarose gel stained with
ethidium bromide and determining the presence/absence
of a band of the expected size under UV light. In a
previous study we found that all infections detected by
ocular screening of blood smears gave positive PCR
amplifications whereas only 83.17% of positive amplifi-
cations are also detected by ocular methods (Ortego and
Cordero 2009). Thus, as also established in several pre-
vious studies (e.g. Waldenstrom et al. 2004), the nested
PCR protocol is more sensitive than the microscopy-based
examinations of blood smears particularly when infections
are below the limit of detection of traditional microscopic
procedures (but see Valkitinas et al. 2006). Although
serological analyses for detecting antibodies to the para-
site are likely to be more sensitive than PCR or micros-
copy-based examinations, to the best of our knowledge,
such techniques have not been developed for L. ziemanni
(Atkinson et al. 2001a, b; Jarvi et al. 2003). PCR products
from 48 positive samples were purified using NucleoSpin
Extract II (Macherey—Nagel, Diiren, Germany) kits and
bidirectionally sequenced on an ABI 310 Genetic Ana-
lyser (Applied Biosystems, Foster City, USA). Sequences
were edited and aligned using the program BioEdit (Hall
1999).

Determination of intensity of parasitemia

Blood smears were examined to determine the presence or
absence of blood parasites at 400x magnification. In
positive smears, we estimated infection intensity as number
of gametocytes/2,000 erythrocytes (Ortego et al. 2007a).
Determination of intensity of infection was carried out by
the same person (F. Espada), who had no information about
the individual birds except ring number. Repeatability of
parasite intensity both between replicated smears from a
same individual (r = 0.95, F| ¢ = 60.05, P < 0.001) and
within the same smears (r =097, F; ,, = 88.80,
P < 0.001) was very high (Ortego et al. 2007a).

Habitat features and owl population density

We measured five variables related to landscape compo-
sition: (1) nest altitude; (2) index of topographic irregu-
larity; (3) length of watercourses; (4) cover of forested
areas; (5) Simpson’s index of habitat diversity. These
variables were measured within 1,500 m (an area of
7.07 km?) and 250 m (an area of 0.20 km?) radius around
the studied nests. The 1,500 m spatial scale reflects the
main hunting areas for parent eagle owls during the
breeding season (i.e. territory size; Ortego and Diaz 2004;
Ortego 2007) whereas the 250 m scale is likely to reflect
habitat requirements for vector development within their
dispersal potential (Thompson 1976; Finn et al. 2006). We
determined altitude, length of watercourses, and the index
of topographic irregularity from 1:25,000 topographic
maps of Spain (I.G.N.). The index of topographic irregu-
larity was calculated as the number of 10 m contour lines
crossed by two axes (N-S and W-E) from the plot centre.
To calculate the cover of forested areas, we incorporated
nest sites into a Geographic Information System (GIS) and
measured land use types from digitised 1:100,000 CORINE
Land Cover maps using Arc-View software (ArcView 3.2,
ESRI, Redlands, USA). The 14 land use types provided by
CORINE Land Cover maps were grouped into two cate-
gories: (1) cover of forested habitats, which grouped the
covers of (a) forests of evergreen sclerophyllous and Lu-
sitanian oaks (Quercus lusitanica); (b) transitional wood-
land-scrubland; (c) coniferous forest; (d) other broad-
leaved tree plantations; (e) agro-forestry areas; and (2)
cover of non-forested habitats, the sum of the covers of (a)
non-irrigated arable land; (b) land occupied mainly by
agricultural uses with some areas of natural vegetation; (c)
vineyards (Vitis vinifera); (d) olive groves (Olea euro-
paea); (e) mixture of perennial crops; (f) mixtures of
annual and perennial crops; (g) saline grounds; (h) low-
density scrub and scrubland; (i) high scrubland formations
of medium to high density. Among all these land-uses, we
only considered the cover of forested habitats for further
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analyses because previous studies suggest that this variable
can particularly influence vector proliferation (Little and
Earlé 1995; Tella et al. 1999; Ortego and Espada 2007). It
should be also noted that the cover of open areas is just the
inverse of the cover of forested habitats and, thus, only the
latter was included into the analyses. Finally, the Simp-
son’s index of habitat diversity was calculated as: 1—Zp2,
where p is the proportion of each land use type provided by
CORINE Land Cover Maps.

Local population density of eagle owls in the vicinity of
each nest was defined as the number of other territories
within 1,500 m. We only estimated host density at this
large spatial scale because the number of other owl terri-
tories within 250 m radius around nest sites lacks sufficient
variation as to be adequately analyzed (i.e. practically all
nests have no other territory within such spatial scale). We
censused eagle owl pairs by means of intensive nest
searching, listening to spontaneous vocalizations, visiting
the area around potential nest or perch sites to look for
moulted feathers, fresh pellets and prey remains, and
eliciting territorial calls by means of playbacks of con-
specific vocalizations (Marchesi et al. 2002). Eagle Owl
lifespan in the field is around 15-20 years and territories
are usually highly stable (Snow and Perrins 1998; Pent-
eriani et al. 2004). In this way, host population density can
be considered relatively constant and variation in densities
through time is likely to be small relative to variation
between locations.

Statistical analyses

We analyzed the factors determining blood parasitism in
eagle owls using Generalized Linear Mixed Models
(GLMMs) implemented with the GLIMIX macro of SAS
(SAS Institute 2004). GLMMs allow analyses of data
where the response variable is determined by both random
and fixed effects. GLMMs are the best tool for analyzing
non-normally distributed data such as binary (parasite
presence/absence) and count data (parasite counts) that
involve random effects (Bolker et al. 2009). These models
allow considering the whole variation of the data while
avoiding pseudoreplication (Bolker et al. 2009). We per-
formed different GLMMs for each of the two studied
spatial scales. Presence or absence of infection in indi-
vidual birds (n = 203) was analyzed using a binomial error
structure and logit link, whereas intensity of parasitemia
(based on count data) was fitted using a Poisson distribu-
tion of errors and a log link function. We analyzed intensity
of parasitemia both including (n = 203) and excluding
individuals with zero values of blood parasites (n = 89).
All GLMMs were constructed by fitting as covariates
laying date, nest altitude, index of topographic irregularity,
length of watercourses, Simpson’s index of habitat
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diversity, cover of forested habitats, and number of other
eagle owl territories within 1.5 km. Further, nestling sex
(fixed factor) and age (covariate) were also included in all
analyses. The identities of cohorts and broods (nested
within cohort) were included as random effects to control
for the potential non-independence of parasitism within
cohorts and broods, in the manner of a randomized com-
plete block design to avoid pseudoreplication (Krackow
and Tkadlec 2001).

Initially, each GLMM was constructed with all explan-
atory terms fitted, including first-order interactions and
quadratic effects to account for potential nonlinear rela-
tionships. Final models were selected following a back-
ward procedure, by progressively eliminating non-
significant variables. The significance of the remaining
variables was tested again until no additional variable
reached significance. The result is the minimal most ade-
quate model for explaining the variability in the response
variable, where only the significant explanatory variables
are retained. Denominator degrees of freedom (ddf) were
computed using Satterthwaite’s method. This method
provides a numerical approximation of ddf, so the reported
ddf are not necessarily whole numbers (SAS Institute
2004). Hypotheses were tested using F-statistics and all P-
values refer to two tailed tests.

Results

Of the 48 infections sequenced, we have only recovered a
single lineage of L. ziemanni (lineage EO1; GenBank
accession number: EU624137) parasitizing the studied
eagle owl population. The probability a nestling was
infected by L. ziemanni increased with local owl population
density and decreased with nest altitude (Table 1; Fig. 1).
Similarly, intensity of blood parasitemia (including un-
infected individuals in the analysis) also increased with
local owl population density and decreased with nest alti-
tude, although the effect of local owl population density
was stronger than that of altitude (Table 1; Fig. 2). How-
ever, after excluding un-infected individuals from the
analysis, only local owl population density remained as
significant into the model (Table 1; Fig. 2b). It should be
noted that some infections identified using the PCR
approach are not detected by ocular examinations of blood
smears and, thus, we have no data for intensity of parasi-
temia in these cases (16.83%). For this reason, we per-
formed an additional analysis, assigning to infections that
went undetected in the blood smears a reference value for
intensity of parasitemia equal to zero. We re-analyzed the
data and once again we found that intensity of parasitemia
was positively associated with local owl population density
(F1, 325 = 9.36; P = 0.004). After examining Figs. 1, 2,
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Table 1 Results of GLMM analysis for (a) probability of blood
parasitism (Binomial error and logit link function) and intensity of
blood parasitemia (b) including and (c) excluding un-infected indi-
viduals (Poisson error and log link function) in relation to local owl
population density, landscape features measured within a 1,500 m
radius around nest sites (altitude, irregular topographic index, length
of watercourses, habitat diversity, cover of forested habitats), laying
date, and nestling sex and age

Estimate £ SE Test P

(a) Presence/absence of L. ziemanni

Explanatory terms

Intercept 392 +£2.10

Local owl population 0.83 £0.28 Fy, 0.004

density 713 = 8.82

Altitude —0.01 £ 0.01 Fy, 0.014
971 = 6.27

Rejected terms

Irregular topographic Fy, 0.074

index 75.4 = 3.29

Length of watercourses Fy, 0.904
633 = 001

Habitat diversity Fy, 0.472
628 = 0.52

Cover of forested habitats Fy, 0.232
s25 = 1.46

Laying date Fy. 0.509
642 = 0.44

Nestling sex Fy, 130 = 1.99 0.160

Nestling age Fy 151 =154 0.217
Covariance parameter estimates

533+ 137 Z=3.189 <0.001
037 £ 080 Z=0.46 0.323

(b) Intensity of parasitemia (including un-infected individuals)

Nest identity
Cohort

Explanatory terms

Intercept 5.36 £ 1.41
Local owl population 052 £0.12 Fy, <0.001
density 548 = 17.88
Altitude —0.01 £ 0.01 F; 115 =942 0.003
Rejected terms
Irregular topographic Fy. 0.253
index 61.4 = 1.33
Length of watercourses Fy, 0.855
Habitat diversity Fy, 0.253
602 = 1.33
Cover of forested habitats Fy, 0.197
670 = 1.69
Laying date Fy, 0.135
542 — 23]
Nestling sex Fi 150 =153 0217
Nestling age Fi 153 =042 0.517
Covariance parameter estimates
Nest identity 1.13 £ 031 Z=3.69 <0.001
Cohort 0 - -

Table 1 continued

Estimate + SE Test P

(c) Intensity of parasitemia (excluding un-infected individuals)

Explanatory terms

Intercept 2.85 £ 0.22

Local owl population 0.20 + 0.08 Fy, 0.014

density 374 = 6.71

Rejected terms

Altitude Fy, 0.372
57.6 — 081

Irregular topographic index Fy, 0.376
367 = 0.80

Length of watercourses F, 0.903
437 =002

Habitat diversity Fy, 0.301
405 =109

Cover of forested habitats Fy, 0.627
532 =024

Laying date Fy, 0.339
355 = 0.94

Nestling sex Fy. 0.466
79.5 = 054

Nestling age Fy, 0.600
590 = 0.28

Covariance parameter estimates
Nest identity 0.12 £ 0.09 Z=133 0.092
Cohort 0.01 £ 0.05 Z =024 0.405

we noticed that the association between parasitism and nest
altitude may be particularly influenced by some nests (20
chicks from 7 broods) located 800 m above sea level in
some scattered and isolated mountains within our relatively
flat study area. To address this, we re-analyzed the data
excluding these nests from the database and we found that
both the probability (F; ¢3¢ = 5.81; P =0.019) and
intensity of parasitism (F, ¢23 = 6.25; P = 0.015) were
still negatively associated with nest altitude. Other vari-
ables, quadratic terms or interactions between independent
variables were not associated with parasite prevalence or
intensity at any of the two studied spatial scales (P > 0.05
in all cases; Table 1). It should be noted that final models
are equal for both the 1,500 and 250 m scales because the
variables retained (i.e. altitude and local owl population
density) do not vary with spatial scale (see above). Final
models were identical when they were constructed using a
forward procedure, indicating that the results obtained by
the backward procedure are not over-parameterized.

Discussion
Here, we show that the geographical distribution of the single

lineage of Leucocytozoon ziemanni infecting nestling eagle

@ Springer



1484

Conserv Genet (2010) 11:1479-1487

(a) (b)
Infected(D O Q o o - DD e}
1.0
£ 09
]
= 08
% 7 /
& 0. 7 Altitude Owl density
Q 0.6 - L. X - N .
— e +  Minimum ~ N + Maximum
© o5 7/ - Average . N - Average
= 4 x Maximum \, % Minimum
= 04 ”* % <
g e
_8 0.3 ‘//
a 02
0.1 X
0.0 F
Uninfected() O O o @ CQIDTEDO oCO®

0 1 2 3 4 5 6
Local owl population density

Fig. 1 Probability of parasitism by Leucocytozoon ziemanni as a
function of local owl population density (number of eagle owl
territories/7.07 kmz) (panel a) and nest altitude (panel b) as predicted
by the GLMM. Model predictions have been generated for a range of
altitudes and owl densities, respectively. Values for local owl
population density and altitude cover the variability observed in the

owls is associated with landscape features and local host
population density at the studied local spatial scales. The
probability of parasitism was positively associated with local
owl population density, confirming the results obtained in a
preliminary single-year study (Ortego and Espada 2007).
This association suggests that higher host densities favour
more efficient horizontal transmission rates in the study
system. Analyses of intensity of blood parasitemia have now
revealed that host population density is also an important
factor influencing intensity of infections by L. ziemanni. As
found in other systems, including human malaria, higher host
densities can increase horizontal transmission rates and
favour infections by different genetic strains of parasites
which can ultimately result in increased virulence and higher
parasitemias (Paul et al. 1998). Although we only detected a
single lineage of L. siemanni parasitizing the studied eagle
owl population, a degree of polymorphism within this line-
age would be unresolved at the level of the mitochondrial
gene fragment analyzed (Schall and Vardo 2007). For this
reason, more detailed genetic analyses (e.g. using highly
polymorphic nuclear markers such as microsatellites; Schall
and Vardo 2007) could help to resolve the possible link
between clone diversity, intensity of parasitemias, trans-
mission rates and host population densities (Vardo and
Schall 2007; Paul et al. 1998).

The association between infection by L. ziemanni and
nest height above sea level suggests that higher altitude
may be limiting vector proliferation (Van Riper III et al.
1986). A possibility to explain why altitude plays an
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study population. Circles indicate actual values for local owl
population density and nest altitude in parasitized and non-parasitized
nestlings. For number of eagle owl territories, circle size is
proportional to sample size and the smallest circle represents a
nestling

important role in determining infection by L. ziemanni may
be the effect of altitude on temperature. Low temperatures
at high altitudes can reduce the development, survivorship
and lifetime fecundity of vectors and this can ultimately
decrease the chance of parasite transmission (Zahar 1951;
Su and Mulla 2001; Balls et al. 2004; Afrane et al. 2006).
On the other hand, blood parasites of the genera Leuco-
cytozoon are transmitted by blood-sucking blackflies that
require running water for larval development (Malmqvist
et al. 1999; Ojanen et al. 2002) and these microhabitats are
much limited in owl territories located at a higher altitude
(Ortego 2007). This seems to be the case of nests placed on
the top of some scattered and isolated mountains in our
study area: only nestlings from one out of seven nests
located in these sites were infected by L. ziemanni and they
showed very low intensities of parasitemia (Figs. 1, 2).
Surprisingly, parasitism was not associated with the length
of watercourses around nest sites, a variable directly
associated with fresh water availability. However, it should
be noted that altitude and length of watercourses were
highly inter-correlated (Pearson correlation; » = —0.621,
P < 0.001). We re-analyzed the data and we found that
after excluding nest altitude from the models, length of
watercourses becomes positively associated with both
probability (Fy 748 = 7.73; P = 0.0007) and intensity (F,
111 = 7.44; P = 0.007) of infections by L. ziemanni. Thus,
the negative association between parasitism and altitude
seems to be mediated in part by reduced freshwater
availability around nest sites located at higher altitude.
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Fig. 2 Relationship between intensity of blood parasitemia by
Leucocytozoon ziemanni (number of gametocytes/2,000 erythrocytes)
and local owl population density (number of eagle owl territories/
7.07 km?) both including a and excluding b un-infected individuals
and c¢ nest altitude including un-infected individuals. Dashed
regression line in panel (c) shows the association excluding nests
800 m above sea level

These results are in accordance with previous studies
suggesting that the presence of freshwater availability for
vector development is crucial in determining blood parasite
transmission and distribution (Wood et al. 2007). This

pattern may be particularly patent in relatively dry regions
such as our study area where freshwater availability is
likely to be a much more limiting factor controlling
blackfly proliferation than in northern latitudes (e.g.
Malmgqyvist et al. 1999; Ojanen et al. 2002).

Final remarks

This study leaves us with some questions that call for
further work. First, it should be acknowledged that a
potential overlooked factor influencing L. ziemanni distri-
bution among nestling eagle owls is the infection status of
the parents and the relative importance of vertical trans-
mission of infections to the offspring (Ashford et al. 1990).
However, although the possible relevance of vertical
transmission of parasites raises an interesting question, it is
difficult to address in the study system as regular capture
and manipulation of adult eagle owls is unfeasible. Data on
host specificity of the studied lineage is also an interesting
issue to be addressed in the future. L. ziemanni, the only
leucocytozoid species recognized in owls, probably con-
stitutes a complex of cryptic species shared by a variable
number of host species (Krone et al. 2008; Ishak et al.
2008; Ortego and Cordero 2009). Phylogenetic analyses
and data on sequence divergence derived from recent
studies suggest that the lineage infecting eagle owls could
be shared with other coexisting owl species and horizontal
transmissions may be relevant (Krone et al. 2008; Ishak
et al. 2008; Ortego and Cordero 2009). Thus, not only local
conspecific population density but also densities and
community relationships between different owl species
could be particularly relevant to explain the geographic
distribution of the studied parasite lineage (Bensch et al.
2000; Ricklefs et al. 2005). In any case, it is worth men-
tioning that we have only found a single lineage parasit-
izing eagle owls in comparison with the numerous lineages
recovered from other owl species, which may indicate high
host specificity (Ishak et al. 2008). Finally, future studies
should also focus on determining several unknown aspects
of vector ecology such as dispersal, host specificity, and
detailed data on their habitat requirements and distribution
(e.g. Zahar 1951; Van Riper III et al. 1986; Hellgren et al.
2008). In any case, irrespective of the possible effects of
parental parasitism status and interspecific transmission
rates on distribution of L. ziemanni among nestling eagle
owls, our results suggest that conspecific density and
landscape features related to vector proliferation are
important factors influencing the transmission rates of this
lineage in the study system.
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