1320
Differential prevalence and diversity of haemosporidian
parasites in two sympatric closely related non-
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SUMMARY

Haemosporidian parasites infecting birds show distinct heterogeneity in their distribution among host species. However,
despite numerous studies on the prevalence and diversity of parasite communities across species, very little is known on
patterns of differences between them. Such data is lacking because up to date the majority of studies explored the patterns
of variation in infections in different years, different time of sampling within a year or a breeding cycle, different study sites
or was based on a small sample size, all of which may affect the estimates of prevalence and parasite diversity. Here, the
prevalence, richness and diversity of haemosporidian parasites from the genera Plasmodium and Haemoproteus were
studied in two closely related non-migratory hole-nesting passerines: Great Tits and Blue Tits. Birds were sampled in
sympatrically breeding populations during two seasons at the same stage of their breeding cycle — late nestling care.
Great Tits were more prevalently infected with Plasmodium and Haemoproteus parasites (971 vs 71-2%), harboured a
higher proportion of multiple infections (262 vs 3-2%) and had a more diverse parasite community (11 vs 5 parasite
lineages) than Blue Tits. Observed differences between two host species are discussed with reference to their breeding
densities and immunological and behavioural characteristics.
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INTRODUCTION Birds act as hosts for a highly diverse and geo-
. e _ . hicall idel istri - i
Parasite distribution shows distinct heterogeneity in graphically wide Y distributed vector transmlt.ted
. . . . . haematozoan parasites from the genera Plasmodium
wild animal populations (Poulin, 2007). In different .
and Haemoproteus (phylum: Apicomplexa, order:
Haemosporida) (Valkitnas, 2005). The majority of
bird species have been confirmed to harbour these
parasites (Atkinson and Van Riper, 1991), although

the prevalence and their diversity substantially

species, which are hosts for a given type of parasites
(e.g. helminths, mites, ticks), the proportion of
infected individuals (i.e. prevalence), richness and
diversity of the parasite community may range
from very similar up to very dissimilar (Clayton
and Moore, 1997; Schmid-Hempel, 2011). Such
pattern of variation in parasitic infections may be

differ among the host species (Scheuerlein and
Ricklefs, 2004). In some species, none or only a
small fraction of individuals in the population are
being infected (Yohannes et al. 2009; Krams et al.
2012), while in the others all or nearly all birds in
the population carry an infection (Van Rooyen
et al. 2013). Despite the great number of studies fo-
cusing on the prevalence and diversity of haemos-

primarily associated with host life-history traits,
host ecology and the parasite characteristics. Since
parasites may constitute the important selection
drivers in animal populations (Schmid-Hempel,
2011), exploring the patterns of variation in parasitic
infections among host species is important for . . L. . .
. . . poridian parasites, surprisingly little is known
understanding many of the biological processes,

e.g. mate choice (Hamilton and Zuk, 1982). about patterns of differences in these two parameters

among bird species. This is because in most studies
data originate either from different years, different

i . time of sampling within a year or a breeding cycle,
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2006; Arriero and Moller, 2008; Svoboda et al. 2009;
Zamora-Vilchis et al. 2012). Among- and within-
year variability in the prevalence and the diversity
of haemosporidian communities is common in
avian hosts (Garvin and Greiner, 2003; Bensch
et al. 2007; Cosgrove et al. 2008). In temperate
regions the prevalence peaks in the spring, which
coincides with the relapse of chronic infections
(Valkitinas, 2005; Cosgrove et al. 2008). Commonly
observed differences in the prevalence and parasite di-
versity among geographically distant sites (Pagenkopp
et al. 2008; SzollGsi et al. 2011) are probably primarily
driven by different local communities of vectors and
parasites as well as environmental conditions which
may affect the activity of vectors and the development
of parasites (Martinez-de la Puente et al. 2009). The
number of screened host individuals and the number
of infected individuals affect the estimates of the
prevalence and parasite richness respectively, as at
low sample sizes the accuracy of the prevalence esti-
mates is low and richness maybe underestimated
(Jovani and Tella, 2006; Jenkins and Owens, 2011).
Because of these factors, the most reliable estimates
of the prevalence and diversity of the parasite commu-
nity in different species should be derived from large
sample sizes collected at the same location and the
same year. There are only few studies presenting
data on the prevalence and diversity of haemospori-
dian parasites in closely related bird species, which
fulfil these requirements (Shurulinkov — and
Chakarov, 2006; Wiersch et al. 2007; Kulma et al.
2013; Scordato and Kardish, 2014). However, they
mostly consider migratory species, in which differen-
tial prevalence and parasite diversity at breeding
grounds may at least partly result from differences in
vector and parasite exposure at stopover and wintering
sites. For example, long distance migrants — Collared
(Ficedula albicollis) and Pied Flycatchers (Ficedula
hypoleuca) — sampled at the breeding site on the
island of Oland (Sweden)—have been shown to
differ in the prevalence of infection with haemospori-
dian parasites by 50% (Kulma et al. 2013).
Interestingly, the Pied Flycatcher — the more preva-
lently infected species —had a less diverse parasite
community.

Here, we compare the prevalence and diversity of
haemosporidian  parasites genera
Plasmodium and Haemoproteus in two closely

from the

related non-migratory passerines —the Great Tit
(Parus major) and the Blue Tit (Cyanistes caeruleus)
based on molecular screening of blood samples.
While data on these two parameters of haemospori-
dian infections are available from several popula-
tions of each species (e.g. Wood et al. 2007,
Stjernman et al. 2008; Szoll6si et al. 2011; Ferrer
et al. 2012; Van Rooyen et al. 2013), only a single
study looked into interspecific infection patterns
with these parasites in sympatrically breeding popu-
lations (Lachish et al. 2012). However, this study did
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not examine the composition of the parasite commu-
nities. Here, we compare sympatric populations of
Great and Blue Tits, sampled in the same years and
the same point of the annual cycle, for the prevalence
of infection with Plasmodium and Haemoproteus para-
sites and richness and the diversity of parasite com-
munity at location characterized by a high infection
frequency. Great and Blue T'ts share an array of char-
acteristics in their breeding biology and ecology. Both
species are small and short-living insectivorous hole-
nesters. Only females build the nest and incubate the
eggs, while both parents feed the young. However,
Blue Tits invest more in a single breeding attempt
per unit of body mass since they lay larger clutches
than Great Tits (Cramp, 1985). We predicted that
Great and Blue Tits either (i) do not differ in the
prevalence given their similar biology and ecology
and close genetic relatedness, (ii) Blue T'its are more
prevalently infected than Great Tits because they
may exhibit stronger reproductive effort-mediated
immunosuppression (Knowles et al. 2009) as a conse-
quence of their higher investment in reproduction, or
(ii1) Blue Tits are less prevalently infected than Great
Tits because of their predicted lower exposure to
vectors resulting from the presence in their nests of
plants with insect repelling properties (Petit et al.
2002). We had no clear prediction about the diversity
of the parasite community, although given close
genetic relatedness of the two host species we
expected that they would harbour similar parasite
community (Ricklefs and Fallon, 2002; Davies and
Pedersen, 2008).

MATERITALS AND METHODS

Data were collected as part of two projects focusing
on fitness consequences of infection with malaria
parasites in Great and Blue Tits (Podmokta et al.
2014a; unpublished results). Birds were sampled
during two breeding seasons (2011-2012) in nest-
box breeding populations in Southern Gotland,
Sweden (57°03'N, 18°17'E). The study site consists
of over ten large and several small wood plots (pri-
marily deciduous) separated by arable areas (Fig. 1).

From the middle of April nest-boxes were regu-
larly inspected to determine the first egg-laying
date, hatching date (day = 0) and the parameters of
reproductive Adult Blue Tits were
sampled for blood once over the nesting period,
during the nestling stage (modal nestlings’ age at
catching of adult birds— 14 days), while Great
Tits — twice: during the nest-building stage and the
nestling stage (modal nestling age at catching of
adult birds— 14 days). Birds were caught with
traps installed inside the box or with mist nets
located in the vicinity of the nest box. The subset
of breeding birds of both species was subject to an

SucCcCess.

additional treatment. In the case of Blue Tits,
some pairs had their brood size increased by three
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Fig. 1. The map of study plots monitored for box-breeding Great and Blue Tits in 2011 and 2012 on the island of Gotland
(Sweden). Plots with individuals used for inter-species comparisons of the prevalence and the diversity of haemosporidian

infections are depicted in dark grey.

nestlings on day 2 post-hatching (for a detailed de-
scription of the treatment see Podmokla et al.
2014a), while in Great Tits some females were
injected during the nest-building stage with either
a physiological salt or an anti-malarial drug — prima-
quine. Because the experimental increase of brood
size is expected to elevate reproductive effort,
which in turn may induce immunosuppression and
increase blood parasitaemia (Knowles et al. 2009),
and the primaquine may potentially eradicate
malaria parasites and influence the probability of
developing a new infection (Marzal et al. 2005),
birds subject to these treatments (21 Blue Tits and
50 Great Tits) were excluded from the analyses.
Moreover, because the probability of acquiring in-
fection with malaria parasites may differ at a local
spatial scale (e.g. Wood et al. 2007), only birds
breeding in plots where individuals of both species
were sampled (seven wood plots in 2011 and eight
wood plots in 2012) were considered in the analyses
(Fig. 1). The size of these plots ranges from ca. 0-7 to
19-8 ha and the mean yearly breeding density in
these plots in 2011-2012 was 1-8 and 0-6 pairs ha™"'
for Great and Blue Tits, respectively.

Birds were ringed, sexed based on the presence
of a brood patch and aged as yearlings or at least
2-year-old based on ringing records and plumage
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characteristics (Svensson, 1992). Blood samples were
obtained by venipuncture from the wing vein using
non-heparinized capillaries and stored in 96% ethanol
in ambient temperature. Genomic DNA was extracted
from the blood using either Chelex (Bio-Rad, Munich,
Germany) in the case of Blue T'its (Walsh et al. 1991) or
an ammonium acetate method in the case of Great
Tits. The repeatability of PCR results based on
chelex and ammonium acetate DNA isolation
methods was 97:8% (n=45 Blue Tit samples from
2015) with a slightly lower detection of infection
with the chelex method (40 positive samples vs 41 posi-
tive samples based on ammonium acetate method).
The presence of haemosporidian parasites (genus
Haemoproteus and Plasmodium) was assessed by ampli-
fying 478 bp long fragment of the mitochondrial cyto-
chrome b gene using nested polymerase chain reaction
(Waldenstrom et al. 2004). This method is very sensi-
tive and allows one to detect the infection with sensitiv-
ity of one infected cell per 10 000 erythrocytes. PCR
conditions followed the protocol of Cosgrove et al.
(2008) and PCR products were processed as described
in Podmokla et al. (2014a, b). In short, PCR products
were run on 2% agarose gel and PCR products of all
positive samples were purified and then sequenced
uni-directionally (except for novel lineages, which
were sequenced bi-directionally) from the 5" end with
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the primer HaemF with an automated ABI 3130 DNA
analyser (Applied Biosystems). Sequences were
edited, aligned and compared with the MalAvi data-
base (Bensch et al. 2009) using BioEdit software
(Hall, 1999). When individuals harboured multiple
infections, i.e. infections caused by two or more
lineages simultaneously (indicated by double peaks in
the chromatogram), parasite lineages were in most
cases assigned following the visual comparison of
sequences with the pool of lineages known to occur at
the study site. The reliability of this method was
confirmed by cloning of PCR products in ten indivi-
duals with multiple infections (see Podmokla et al.
2014b for more details). When unambiguous identifi-
cation of the lineages was not possible, PCR products
were cloned. In the case of unique, not previously
described lineages (the lineage was considered unique
when a difference of at least one nucleotide was
present, Bensch et al. 2009), the PCR and sequencing
of the sample yielding such sequence were repeated
to exclude the possibility of an error. Novel lineages
were named following recommendation of Bensch
et al. (2009) and deposited in GenBank (accession no.
KU695262- KU695264).

Statistical analyses

To avoid potential differences between host species
associated with timing of sampling within the breed-
ing cycle, only samples collected during the nestling
period were considered in this study. In total, 124
blood samples from Blue Tits and 363 samples
from Great Tits were considered. In the case of six
Blue Tits and 38 Great Tits, the samples were col-
lected in both breeding seasons. One positive Blue
Tit sample was excluded from the statistical analyses
because the amplified product was shorter than the
targeted fragment of the parasite gene. Moreover,
some samples were excluded from the analyses of
the infection type (single @s multiple infections)
and the parasite diversity because parasite lineages
could not be identified either because of the poor
quality of the PCR product or when cloning of the
PCR product of multiple infections did not yield
all unique lineages. The final data set for the analyses
of infection prevalence included 64 female/59 male
and 84 yearling/39 older Blue Tit samples and 160
female/203 male and 187 yearling/176 older Great
Tit samples. Mean estimates of prevalence were cal-
culated using the infection rates recorded in each
season and were based on the dataset which included
only one record (selected randomly) per individual
to omit the issue of non-independence of data in
individuals sampled twice.

Data on infection prevalence were analysed using
restricted maximum-likelihood method (REML)
implemented in the R package ASReml-R (Butler
2009). Since the data was expressed as binary contrasts
(presence/absence of infection) we

have wused
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generalized linear mixed models with a logit link func-
tion. All models were run for 50 optimizing iterations,
but in all cases convergence to the maximum-likeli-
hood estimate was achieved within no more than ten
iterations.

We have analysed four types of models. In the first
three models the response variable described the
prevalence of parasitic infection in each individual
(three different response variables: presence/absence
of haemosporidian infection, presence/absence of
and presence/absence of
Haemoproteus infection). Prevalence at the parasite

Plasmodium infection
genus level was based on individuals harbouring
single and multiple infections. Consequently, birds
which were co-infected with Plasmodium and
Haemoproteus were scored as positive for both parasite
types. In the fourth model, run on the dataset contain-
ing only infected individuals, the response variable
described the presence/absence of the multiple infec-
tions. Each model included a random categorical
effect of individual identity (to account for repeated in-
clusion of the same individuals in the dataset) and a set
of fixed effects. The first three models included: host
species, year of sampling, individual age and sex, and
all second-order interactions, which contained the
term species with the remaining fixed terms. The
fourth model (the prevalence of multiple infections)
included only species, year of sampling and their inter-
action because of the very low frequency of multiple
infections in Blue Tits (see the Results). Non-signifi-
cant interactions were removed sequentially, starting
with those with the highest P-values. Fixed effects
were tested using conditional Wald tests (equivalent
to conventional F test) with Satterthwaite method of
approximating the number of degrees of freedom.

Richness is expressed as the total number of
detected lineages and the lineage diversity as the
Shannon index, which combines information on
species richness and relative abundance (Shannon
and Weaver, 1962). The index and its 95% confi-
dence intervals (Cls) were calculated using the soft-
ware EstimateS v. 9.1.0 (Colwell, 2013). CIs were
estimated based on 1000 randomizations. The diver-
sity was considered to differ between compared sets
of samples, if Cls did not overlap the mean of the
other group. Richness and lineage diversity were cal-
culated based on the dataset containing only one
record per individual sampled twice.

RESULTS
Prevalence of infection with haemosporidian parasites

Both host species were frequently infected with hae-
mosporidian parasites with, on average, over 70% of
individuals in each species infected during the
breeding period with either one or two of the sur-
veyed parasite genera. In general, Great Tits were
more frequently infected than Blue Tits in terms
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Table 1. The association between the probability of
infection with haemosporidian parasites in Blue and
Great Tits on Gotland (Sweden) with species, year,
age (yearlings or older birds) and sex as fixed effects

Fixed effect DF denDF F P
Opverall infection
Species 1 424-4 44-60 <0-001
Year 1 381-5 11-69 <0-001
Age 1 4673 11-33 <0-001
Sex 1 2139 0-60 0-441
Plasmodium infection
Species 1 402-3 275 0-098
Year 1 480-0 32:76 <0-001
Age 1 480-0 16-68 <0-001
Sex 1 4133 0-03 0-872
Haemoproteus infection
Species 1 479-0 21-53 <0-001
Year 1 479-0 12-12 <0-001
Age 1 479-0 1-48 0-224
Sex 1 398-9 0-22 0:636
Species*age 1 479-0 7-32 0-007

Data for overall hamosporidian infections and infections
with either Plasmodium or Haemoproteus parasites are pre-
sented separately. Full models contained all fixed effects
and two-way interactions which included the factor
‘species’. Non-significant interactions were removed se-
quentially, starting with those with the highest P-values.
Each model included a random categorical effect of indi-
vidual identity to account for repeated inclusion of indivi-
duals sampled in both breeding seasons.

of the overall prevalence as well as the prevalence of
Haemoproteus infections, while there was no differ-
ence between the host species in the Plasmodium
prevalence (mean overall prevalence: Great Tits —
97-1%, Blue Tits — 71:2%; mean Plasmodium preva-
lence: Great Tits — 71:4%, Blue Tits — 62-7%; mean
Haemoproteus prevalence: Great Tits — 38-4%, Blue
Tits — 9-8%; Table 1, Fig. 2). The prevalence of
infections (overall as well as the prevalence at the
parasite genus level) differed between the seasons
(Table 1). Overall and Plasmodium prevalence
decreased from 2011 to 2012, while Haemoproteus
prevalence increased during this period (Fig. 2).

In both host species sex of the individual did not
explain the variation in the prevalence (both overall
and at the parasite genus level); however, the probabil-
ity of being infected was associated with host age
(Table 1). Specifically, the overall prevalence and the
prevalence of infection with Plasmodium were in both
species more common among older birds (mean
overall prevalence: Great Tits: 95-3% in yearlings vs
99-:0% in older birds, Blue Tits: 65:6% in yearlings s
83:3% in older birds; mean Plasmodium prevalence:
Great Tits: 64:2% in yearlings vs 79:0% in older
birds, Blue Tits: 59:8% in yearlings vs 68:8% in
older birds), while in the case of infection with
Haemoproteus age-related changes in the prevalence
differed between the host species. In Blue Tits mean
prevalence was over twice higher in older birds than
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in yearlings, while in Great Tits older birds were
slightly less prevalently infected than yearlings
(Great Tits: 41:6% in yearlings vs 35:5% in older
birds, Blue Tits: 6:8% in yearlings vs 16:6% in
older birds).

Great and Blue Tits differed in the frequency of
multiple infections, however, the proportion of
individuals which harboured such infections did
not differ between years (species: Fy 435.0=13-95,
P <0-001, year: Iy 43,.0=1:821, P=0-178). In the
subset of infected individuals, multiple infections
were found on average in 26:2% of Great Tits and
3:2% of Blue Tits. The most common were double
infections — 83-4% (mean prevalence) in Great Tits
and all multiple infections in Blue Tits. Great Tits
also harboured triple (15:3%) and quadruple infec-
tions (1-4%).

Richness and diversity of the parasite community

In total, 11 parasite lineages were detected in the set
of Great and Blue Tit samples used in the present
study (Fig. 3, Appendix 1). Among eight lineages,
which have been already described, five belong to
the Plasmodium genus (BT7 and TURDUSI repre-
senting morphospecies P. circumflexum, GRWI11
and SGS1 representing P. relictum and SW2 repre-
senting P. homonucleophilus) and three to the
Haemoproteus genus (PARUS1, PHSIB1 and
WW?2 representing H. majoris). Out of 11 detected
lineages Great and Blue Tits shared five lineages
(BT7, PARUSI1, PHSIB1, SGS1 and TURDUST1),
while six lineages, including three novel ones
(GRW11, SW2, WW2, PARUS65, PARUS66 and
PARUS67) were found only in Great Tits. Based
on the comparison of novel lineages with the
pool of lineages deposited in MalAvi database,
PARUS65 most closely matches lineages from the
Haemoproteus genus (the closest genetic similarity
with PARUS1), while PARUS66 and PARUS67
most closely match lineages from Plasmodium
genus (the closest genetic similarity with SW2 and
TURDUSI, respectively).

The diversity of the parasite community was
higher in Great Tits than Blue Tits (Shannon index
and 95% CI, 2011: Great Tits 1:64, 1:56—1-72; Blue
Tits 0-61, 0-37-0-84; 2012: Great Tits 1-90, 1-82—
1-98; Blue Tits: 1-12, 0:94-1-30). Although both Tit
species were most commonly infected with
Plasmodium lineage TURDUSI, the distribution of
infections with other lineages co-occurring in both
species differed (Fig. 3, Appendix 1). For example,
Haemoproteus lineage PHSIB1 showed a moderate in-
fection rate in Great T'its, while in Blue T'its it was the
least prevalent lineage among all detected in this
species. In both host species, some lineages were
found only sporadically with the mean annual preva-
lence <2% (Great Tits: GRWI11, PARUS65,
PARUS66, PARUS 67, Blue Tits: PHSIB1).
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Fig. 2. The overall prevalence and the prevalence of infections with Plasmodium and Haemoproteus in Great and Blue T'its
sampled during the late nestling period on Gotland (Sweden) in two breeding seasons. Data is presented separately for
each season. Individuals co-infected with Plasmodium and Haemoproteus were scored as positive for both parasite genera.
The number of screened individuals: Great Tits — 118 in 2011 and 207 in 2012, Blue Tits — 41 in 2011 and 76 in 2012.

DISCUSSION

70 ® Great tit W Based on screening a large sample of individuals
60 1 OBluetit from sympatric populations we show that Blue
50 - Tits and Great Tits — two closely related passerines —

§ differ in the prevalence and diversity of infections
%‘ 40 1 with haemosporidian parasites. Great T'its not only
?’._,30 1 are more prevalently infected with these vector-
& 20 - transmitted parasites, but also harbour a higher pro-
portion of multiple infections and have a more

10 4 diverse parasite community than Blue Tits. The
same pattern of interspecific difference in haemos-

poridian prevalence in sympatric populations of
these two host species has been found in Southern
UK (Lachish et al. 2012). Since both study sites
differ in an array of parasite- and host-associated

characteristics (e.g. prevalence, composition of the

@ s parasite assemblage, the frequency of multiple infec-
60 1 tions, ratio of Blue Tit/Great 'Tit population
50 4 density), a higher frequency of infections in Great

gé i | Tits seems to be a consistent pattern.
= In general, closely related host species from sym-
§3U . patric populations are expected to show similarity
R 20 in the susceptibility to parasitic infections and the
parasite community because of the common evolu-
10 1 tionary background (Ricklefs and Fallon, 2002;
0 - Davies and Pedersen, 2008) and exposure to the
<§<‘,({\ Qﬁ\\ Q%Db 0%6\ CJ0%\ C;:«‘.’\,QOCD\ Q.Q%\ 0%@ Q:\QJ\ st same Vectors.in the habi.tat the?y oceupy. However,
e Q‘S— Qvg- 9 Q/\\bq_ & T &S currently avalla.lble da'.ca,.lncludlng this study, seems
¢ R ] b to challenge this prediction. Not only closely related
Fig. 3. The composition and the prevalence of migratory species breeding sympatrically differ in
Plasmodium and Haemoproteus lineages detected in the prevalence and composition of the haempospori-
sympatric populations of Great and Blue Tits on Gotland dian community (Shurulinkov and Chakarov, 2006;
(Sweden) in two breeding seasons. Data is presented Kulma et al. 2013; Scordato and Kardish, 2014),
separately for 2011 and 2012. which may be largely attributed to contracting
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infections at stopover and wintering sites, but import-
antly such differences occur in closely related non-mi-
gratory species (Lee et al. 2006; Wiersch et al. 2007,
Lachish et al. 2012, but see Jenkins and Owens,
2011 for
Leucocytozoon, the sister genus to Plasmodium and
Haemoproteus, in Great and Blue Tits).

Several factors, including immunological and be-
havioural characteristics, may contribute to differ-
ences and Blue Tits in the
prevalence and diversity of the haemosporidian
parasite community. Direct comparison of immune

no difference in infection rates of

between Great

function activity of two study species is currently
lacking, so it is not possible to make any association
between the two parameters reflecting the suscepti-
bility to haemosporidian parasites and immunocom-
petence. However, in two other closely related
passerines — House (Passer domesticus) and Tree
Sparrows
have been shown to differ and the species with
higher antibody responsiveness —the House
Sparrow — has been also found to be less prevalently
infected with haemosporidians from the genera
Plasmodium and Haemoproteus (Lee et al. 2006). In
general, based on studies in mammals, it may be
expected that species with stronger antibody respon-
siveness should be better able to control and clear
chronic  haemosporidian  infections  (Taylor-
Robinson, 1995). Regardless of the potential differ-
ences in the constitutive and adaptive immunity,

(Passer montanus) —immune defences

immune reaction to infection may differ between
these two species if immune function is differently
modulated by reproductive effort. Blue Tits invest
more in a single breeding event than Great Tits,
because they lay more eggs and consequently rear
more nestlings per unit of their body mass. As a con-
sequence more pronounced suppression of immune
function resulting from a trade-off between immunity
and reproductive effort (Knowles et al. 2009) should be
expected in this species. Moreover, in the study area
adult Great Tits seem to be more prone than Blue
Tits to infestation/infection with other parasitic and
pathogenic agents including ticks and pox viruses
(own observation). Infestation/infection with other
parasites and pathogens may suppress the immune
function (e.g. ticks’ saliva contains molecules which ac-
tivate an anti-inflammatory TH?2 response; Andrade
et al. 2005) resulting in a higher probability of develop-
ing haemosporidian infection if the parasite gets trans-
mitted by the vector.

The majority of 1-year old females of both host
species are infected already at the nest building stage
(Great Tits) or late incubation stage (Blue Tits, un-
published results). Since a prepatent period in
Plasmodium and Haemoproteus parasites lasts from a
few days to several weeks (Valkitunas, 2005) and
some vectors (e.g. mosquitoes) become active at the
earliest at the incubation stage of both Tit species,
such infections are most probably contracted by
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juveniles during the previous year. Such pattern of ac-
quiring infection may indicate that other factors, not
associated with reproduction-mediated reallocation
of resources, play a role in this process. One factor,
which may substantially contribute to differences
between species, is the exposure to vectors transmit-
ting haemosporidian parasites. Such differences may
be especially present during the nestling stage. Blue
Tits rear larger broods, which should attract more
blood-sucking dipterans, because more nestlings
should produce more cues, which are used by ornitho-
philic arthropods to locate the host (Russell and
Hunter, 2005; Allan et al. 2006). However, on the
other hand, Blue Tits incorporate in their nests
plants producing volatile compounds (Petit et al.
2002; review in Dubiec et al. 2013), which may act
as repellent against parasite-transmitting insects
(Lafuma et al. 2001; Krams et al. 2013, but see
Tomas et al. 2012). Krams et al. (2013) showed that
1-month old Great Tit fledglings from nest boxes
treated with the insect repellent (citronella oil) had
much lower prevalence and intensity of infection
with haemosporidian parasites than fledglings
from untreated nest boxes. In the study area some
Blue Tit nests contain green plant material (own ob-
servation), which may indicate that nestlings of this
species are exposed to fewer parasite-transmitting
dipterans than Great T'it nestlings. Other potential
behaviourally mediated mechanism of different ex-
posure to vectors includes exploitation of foraging
microhabitats which vary in vector abundance.

The probability of infection with haemosporidian
parasites may also be associated with density of
either conspecific or heterospecific hosts. Generally,
some theoretical models suggest that the probability
of infection with vector-transmitted parasites follows
the dynamics along the continuum between pure
density-dependent to pure frequency-dependent
transmission (density and frequency refer in the
models to infected individuals, Antonovics et al.
1995). However, in birds, the probability of vector-
transmitted haemosporidians in some host-parasite
systems has been shown to be well explained by the
overall local host density (Ortego and Cordero, 2010;
Lachish et al. 2012; Isaksson et al. 2013). Lachish
et al. (2012) showed that in sympatric populations of
Blue and Great Tits, infected primarily with two
Plasmodium morphospecies — P. circumflexum and P.
relictum, the probability of belonging to P. circu-
mflexum cluster for nest-boxes occupied by Great
Tits increased with local density of Great Tits and
Blue Tits, while for boxes occupied by Blue Tits —
with density of Great Tits, but not conspecifics. We
may not exclude that at our study site certain
density-dependent processes of acquiring and/or
developing of infection also occur contributing to a
higher infection frequency in Great T'ts.

In both species age but not sex of the host was asso-
ciated with variation in infection prevalence. Higher
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frequency of infection with haemosporidian parasites
in birds at least 2-year-old than in yearlings observed
in the current study (overall and Plasmodium infec-
tions in Great and Blue T'its and Haemoproteus infec-
tions in Blue T'its) is commonly found in birds (Kulma
et al. 2014; Marzal et al. 2016, but see Zylberberg et al.
2015 for the lack of age-related patterns) and is being
attributed to the increased probability of the vector en-
counter with age. Interestingly, in the case of
Haemoproteus in Great Tits older birds were slightly
less prevalently infected than yearlings. Possible
mechanisms behind such a pattern include a competi-
tive exclusion of Haemoproteus lineages by some
Plasmodium lineages (Beadell et al. 2004) and differen-
tial mortality rates in Haemoproteus-infected Great
and Blue Tits.

We found a much higher frequency of multiple
infections in Great than Blue Tits. Similarly to the
general prevalence of infections, the interspecific
differences in the frequency of multiple infections in
these two host species may be explained by aforemen-
tioned factors including immunological and behav-
ioural characteristics and difference in the density. It
has to be noted, that the actual rates of multiple infec-
tions in both species are possibly markedly higher than
reported because PCR protocols underestimate this
parameter (Bernotiené et al. 2016). Limited detection
of parasite lineages simultaneously infecting the host
may be associated with preferential amplification of
lineages with higher parasitaemia (Pérez-Tris and
Bensch, 2005; Valkiunas et al. 2006).

Prevalence differed between years, which is a
pattern commonly found in studies of haemospori-
dian infections in birds (Bensch et al. 2007).
Changes in the prevalence between years are most
probably associated with fluctuations in the popula-
tion size and the activity of vectors, which are known
to be affected by temperature and rainfall (Martinez-
de la Puente et al. 2009). Apart from its effect on
vectors, temperature may also affect rates of parasite
development within vectors (Hoshen and Morse,
2004). All these factors may in turn affect the trans-
mission frequency of haemosporidian parasites.
Since at the parasite genus level only Plasmodium
prevalence decreased, while Haemoproteus preva-
lence increased, most probably weather conditions
negatively affected only the population of mosqui-
toes, but not dipterans transmitting Haemoproteus.

Based on the subset of samples used in this study,
Great Tits harbour richer and more diverse parasite
community than Blue Tits. This pattern holds even
after taking into account four lineages (GRW11,
PADOMO02, SW2 and WW?2, all occurring at very
low frequencies), which have been found in the
study population of Blue Tits in a set of nearly
1400 samples collected in years 2008-2014. It has
to be noted, however, that Great and Blue tits are
not necessarily the competent hosts for all detected
lineages, especially those occurring sporadically,
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because haemosporidians may sometimes replicate
in non-competent hosts without forming the infect-
ive stages, the gametocytes (Valkitunas et al. 2009).
To rule out such a possibility, assessing the presence
of gametocytes in blood smears is necessary.

In order to better understand the patterns of hae-
mosporidian infection rates and the variation in the
parasite community composition between Blue and
Great Tits as well as in other avian hosts, studies
at different sites within hosts’ distribution range
and in different habitats are required.
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Table A1. The parasite assemblage and the number of birds infected with Plasmodium and Haemoproteus
lineages in Great and Blue Tits on Gotland (Sweden) in years 2011-2012. Dataset includes only one record
(selected randomly) per individual for birds which were sampled in both years (six Blue Tits and 38 Great
Tits). Number of individuals harbouring a given lineage was calculated based on the set of birds with single
and multiple infections. N in brackets denotes the number of individuals screened molecularly for the pres-

ence of haemosporidian infections.

No. of individuals harbouring the lineage

Great Tt Blue Tit

2011 2012 2011 2012
Parasite lineage  Parasite taxon GenBank accessionno  (n=118) (n=206) ®=41) @®=75)
BT7 Plasmodium circumflexum AY393793 8 17 7 2
GRWI11 Plasmodium relictum AYS831748 0 1 0 0
PARUS66 Plasmodium sp. KU695263 0 3 0 0
PARUS67 Plasmodium sp. KU695264 0 1 0 0
SGS1 Plasmodium relictum AF495571 17 20 0 7
SW2 Plasmodium homonucleophilum — AF495572 32 24 0 0
TURDUS1 Plasmodium circumflexum AF495576 63 68 25 28
PARUSI1 Haemoproteus majoris AF254977 21 37 1 11
PARUS65 Haemoproteus sp. KU695262 0 1 0 0
PHSIBI1 Haemoproteus majoris AF495565 17 51 0 1
WW2 Haemoproteus majoris AY831755 4 19 0 0
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