-

View metadata, citation and similar papers at core.ac.uk brought to you byj’f CORE

provided by University of Gloucestershire Research Repository

A

UNIVERSITY OF
GLOUCESTERSHIRE

at Cheltenham and Gloucester

This is a peer-reviewed, post-print (final draft post-refereeing) version of the following published document:

Cosgrove, Catherine L and Wood, Matthew J and Day, Karen P and
Sheldon, Ben C (2008) Seasonal variation in Plasmodium prevalence in a
population of blue tits Cyanistes caeruleus. Journal of Animal Ecology, 77
(3). pp- 540-548.

Official URL: http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2656.2008.01370.x/abstract
DOI: http://dx.doi.org/10.1111/j.1365-2656.2008.01370.x
EPrint URI: http://eprints.glos.ac.uk/id/eprint/552

Disclaimer

The University of Gloucestershire has obtained warranties from all depositors as to their title in the material
deposited and as to their right to deposit such material.

The University of Gloucestershire makes no representation or warranties of commercial utility, title, or fitness
for a particular purpose or any other warranty, express or implied in respect of any material deposited.

The University of Gloucestershire makes no representation that the use of the materials will not infringe any
patent, copyright, trademark or other property or proprietary rights.

The University of Gloucestershire accepts no liability for any infringement of intellectual property rights in any
material deposited but will remove such material from public view pending investigation in the event of an
allegation of any such infringement.

PLEASE SCROLL DOWN FOR TEXT.


https://core.ac.uk/display/96576651?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

UNIVERSITY OF
GLOUCESTERSHIRE

This is a peer-reviewed, pre-print (final draft post-refereeing) version of the following
published document:

Cosgrove, Catherine L. and Wood, Matthew

J. and Day, Karen P. and Sheldon, Ben

C. (2008). Seasonal variation in Plasmodium
prevalence in a population of blue tits Cyanistes
caeruleus . Journal of Animal Ecology, 77 (3) 540-
548.

Published in the Journal of Animal Ecology, and available online at:

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2656.2008.01370.x/abstract

We recommend you cite the published (post-print) version.
The URL for the published version is

http://dx.doi.org/10.1111/].1365-2656.2008.01370.x

Disclaimer

The University of Gloucestershire has obtained warranties from all depositors as to their title
in the material deposited and as to their right to deposit such material.

The University of Gloucestershire makes no representation or warranties of commercial
utility, title, or fitness for a particular purpose or any other warranty, express or implied in
respect of any material deposited.

The University of Gloucestershire makes no representation that the use of the materials will
not infringe any patent, copyright, trademark or other property or proprietary rights.

The University of Gloucestershire accepts no liability for any infringement of intellectual
property rights in any material deposited but will remove such material from public view
pending investigation in the event of an allegation of any such infringement.

PLEASE SCROLL DOWN FOR TEXT.


http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2656.2008.01370.x/abstract
http://dx.doi.org/10.1007/s10551-005-1382-y

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Seasonal variation in  Plasmodium prevalence in a population of

blue tit s Cyanistes caeruleus

Catherine L. Cosgrov&, Matthew J. Wooll", Karen P. Da§& Ben C. Sheldoh

Edward Grey Institute, Department of Zoologhiversity of Oxford South
Parks ®ad, Oxford OX1 3PS, UK
Department of Medical Parasitology, New York Universd41 East 25 Street,

New York, NY 10010, USA

Corresponding author matt.wood@z00.0x.ac.uk

Telephone +44 1865 281999
Fax +44 1865 271168
Joint first authors
Current address: The Wellcome Centre for Human Genetics, Roosevelt Drive,

Oxford OX3 7BN, UK

Email addresses: matt.wood@zoo0.0x.ac.ukatherine.cosgrove @well.ox.ac,uk

karen.day@med.nyu.edoen.sheldon@zoo.ox.ac.uk

Running head (48haracters): Seasonadriation in Plasmodiumnfectionin blue tits
Summary 81 words, manuscript total 7072 words (including references), 4 figures, 2

tables.


mailto:matt.wood@zoo.ox.ac.uk
mailto:matt.wood@zoo.ox.ac.uk
mailto:catherine.cosgrove@well.ox.ac.uk
mailto:dayk02@popmail.med.nyu.edu
mailto:ben.sheldon@zoo.ox.ac.uk

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

Summary

1. Seasonal variation in environmental conditions is ubiquitous and can affect the

spread of infectious diseases. Urslending seasonal patterns of disease
incidence can help to identify mechanismsch as the demography of hosts and

vectors whichinfluence parasite transmission dynamics.

. We examinedeasonal variation ialasmodiuminfection in ablue tit Cyanistes

caeruleugpopulationover three yeanssing sensitive molecular diagnostic
techniques, in light of Beaudoet al’s (1971) model of seasonal variation in
avian malaria prevalence in temperate aréas modelpredicts awithin-year

bimodal pattern of spring and autumn peaks with a watieence oihfection

. Avian malaria infections were mostBlasmodiunm(24.4%) with occasional

Haemoproteusfections (0.8%). Statistical non-linear smoothing techniques
applied to longitudinal presence/absence data resdea@rked temporal variation
in Plasmodiunprevalencewhichapparently showed withinyear bimodal
patternsimilar to Beaudoiret al.s model. However, of the twBlasmodium
morphospecies accounting for most infections, in oRlggModium
circumflexun) did seasonal patterssipport Beaudoiet al!s model. On closer
examination there was alsonsiderable age structure in infection: Beau@oin
al.’s seasonal pattern was observed only in first year and not older birds.
Plasmodiunrelictumprevalence wakess seasonally variable

For these twd’lasmodiunmorphospecies, we rejdBeaudoiret al’s modelas it

does not survive closer scrutiny of the complexities of seasonal variation among
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Plasmodiunmorphospecies and host age classes. Studies gbéaste
interactions should consider seasonal variation evenpossible. We discuske
ecological and evolutionary implications of seasonal variation in disease

prevalence.

Introduction

The prevalence of many infectious diseases varies markedly thimegtrom short-

term seasonal fluctuations to complex population dynamics (Altizer, Dobsoreirl@ts

al., 2006; Dietz, 1976; Greenman, Kamo & Boots, 2004). The dynamics of vector-borne

diseases are particulatiitely to vary with environmental conditions, as vectors are
sensitive to climic conditions (Aron & May, 1982; Hess, Randolph, Arnelwrgl,
2001). For examplehuman malari@lasmodiunspp. showsnarked seasonality in
transmission, largely due to teensitivity of the mosquito vectors to climg@&hilds,

Cattadori, Suwonkerdt al, 2006; Hay, Myers, Burket al, 2000).

Host demographgnight play agreaterrole in the transmission dynamics of avamn
comparedo human malaria, as themporallydiscrete breedgand migratory periods of
avian hosts give rise to seasonally regular fluctuations in host abundartbe and
proportion of susceptible individuals in the host population, dteetoelatively
synchronous recruitment of immunologically naive julesto the host population and

the arrival of migrant bird&nd their parasites$d the wider bird community (White,
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Grenfell, Hendryet al, 1996). In addition, there may also be a reduction in herd
immunity that exposeslder individuals to an increased risk of infection, resulting in the
epidemic spread of previously rare parasite genotfféger et al, 2006; Whiteet al,
1996) Revealingheenvironmental and demographic drivers that contribuseésonal
disease dynamiasds theunderstanihg of diseaseepidemiology (Pascual & Dobson,

2005).

In tropicalclimates avian malariaoccus yeafround(Valkiiinas, 2005), whereastudies

in temperate regiongportconsistent seasonariation:a peak in prevalence dog

spring or the breeding season, followed by a decline during winter (Applegate, 1971;
Beaudoin, Applegate, Davet al, 1971; Kucera, 1981; Schrader, Walters, Jaghes,
2003; Weatherhead & Bennett, 1991), although some studies have found higher
prevalence of some haematozoa in wikiteatchwell, Wood, Awaret al, 2000).
Beaudoiret al. (1971) proposed a model to explain patterns of seasonal variation with
reference to the#ansmission requirements and life cyafeavian malaria parasites: a
peak in malaria prevalence is supposed to occlate sumrar and autumn, whewvector
populations (Cranston, Ramsdale, Sredwal, 1987; Marshall, 1938) and the proportion
of immunologically naive juvenileim the host populatioare high Prevalence then drops
in winter as vector activity wanes and malaria parasites disafgpeathe blood, but not
necessarily body tissues, followed by a spring relapse of infection prior hoebeing

season
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The development of molecular tools for diagnosis of avian malaria infection based on
mitochondrial cytochromé-lineage variatiorfBensch, Stjernman, Hasselqestal,

2000; Fallon, Ricklefs, Swansen al, 2003; Hellgren, Waldenstrom & Bensch, 2004;
Waldenstrém, Bensch, Hasselquestl, 2004)allowsavian malaria infectiomito be
examinedn more detail than ipossible using traditional light microscopy techmgu
(Waldenstronet al, 2004). Etimates of diversity airound 200 species using
microscopy(Valkitnas, 2005) may mask diversityto the order of 10,000 specias
revealed bynolecular approachdBensch, PéreZris, Waldenstronet al, 2004) most
ecological studies of malardo notconsider this diversity, a potentially important source
of variation in hostparasite interactiong&stablished parasitological techniques remain
important for identifying groups of lineages that are morphologically sinailkkely
indicator of similar parasite ecologyalkitinas, 2005). Here, we examine seasonal
variation in avian malaria infection in a woodland population of bits Cyanistes
caeruleud.., 1758, to test Beaudoet al!s (1971)model. We report marked seasonal
patterns of variation in infection that vary between parasite morphospeciegtahost

age based on screening more than 800 samples over three years.

M ethods

Hostparasite system

Avian malaria, caused WBlasmodiunandHaemoproteuspp. éensuPérezTris,

Hasselquist, Hellgreat al, 2005 seeValkitunas, Anwar, Atkinson et al, 2005for an



116 alternative viey, is a globally distributeglectorborne diseaséBeadell, Ishtiaq, Covaet
117 al., 2006; Valkitnas, 2005). Plasmodiums transmittedorimarily by mosquitoes

118 (Culicidag, andHaemoproteudy biting midges (Ceratopogonidae) and louse flies
119 (Hippoboscidae); parasite transmission is therefore dependent on vectoy,dutivikeen
120 spring and autumn in temperate ar@aalkitinas, 2005). Blue tits (Paridae) are small
121 passerine birds that take readily to nestboxes, laying eggs in spring wiisethef

122  broods hatching (in the southBhgland) in late Apriearly May. Quicks fledge 16-18
123 days later, with the last chisKledging in early June (Perrins, 1979).

124

125 Inthe present study,emrvtakelSth Juneas abiologically meaningfuktart to the sampling
126 year, becausef (i) the addition to the population ofanynewly fledged youndy this
127 time (all nestling tits had fleded by 15 June)(ii) the age transitiofrom first year

128 (previousyear’snestling$ to older adultghat occurs at this time, and (iii) the timing of
129 feather moult in blue tits, in mid to late summiers alsodifficult to catch blue ti at our
130 studysiteduring late June and early July using nmsts at artificial food stations,

131 resulting in a natural break in sampling at the beginning of our sampling year on 15th
132 June.Thereforefiguresin this paper show the year's sampling beginning in summer,
133 with date shown by calendar month for clarity.

134

135 Sampling and molecular diagnosis of infection

136 Blood samples of <20uL were taken, under licence, by brachial or jugular venepuncture
137 from blue tits in Wytham Woodsa ca.380ha woodland in Oxfordshire, UK (51°47’ N,

138 1°20°'W) between May 2003 and June 200BdBwere captured at nest boxes while
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feeding nestlings, and using mist nets at feeding statiomoximately weekly aither
times of the year. & was determined by plumage characteristics or, during¢eeling
season, on the presence/absence of a brood patch (Svensson, 1992amBlued were
stored in Queen’s lysiauffer (Seutin, White & Boag, 1991and DNA extracted using a
DNeasy extractionik(Qiagen CA, USA). One sample from each individual is analysed

here giving a total of 816 sampled individuals.

The presence/quality of extracted DNA was assdsg&tectrophoresing 2ul of the
extracton a 2% agarosgel containing ethidium bromide, and visualising under UV light.
Samples wer¢henscreened for the presenceRdesmodiumandHaemoproteusising the
nested PCR method of Waldenstrom et al. (2004), amplifying a 478bp fragment of the
mitochondrial cytochromé-gene. PCR reactions were perfearin 25ul volumes, in

two separate roundsirst-round primers werelaemNF (5°
CATATATTAAGAGAATTATGGAG -3") and HaemNR2 (5°
AGAGGTGTAGCATATCTATCTAC-3"): each reaction containembntained 2ul of
genomic DNA, 0.125mM each dNTP, 0.2uM each primer, 3mM Mg@dl 0.25 units of
Platinum Taq plymerase (InvitrogenCA, USA) with the accompanying PCR buffer at
1x final concentration. The thermal profile consisted of a 2 minute 94°C enzyme
activation step, followed by 20 cycles of 94°C for 30 sec, 50°C for 30 sec, and 72°C for
45 sec, ending with an elongation step of 72°C for 10 min. In the s&@Rdound,

primers HaenF (5-ATGGTGCTTTCGATATATGCATG3’) and HhemR2 were used
(5-GCATTATCTGGATGTGATAATGGT-3’): the composition of the PCR reactions

was as above, excegpiat0.4puM of each primer and 0.5 units of Platinum Taq
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Polymerase were used, and 2l of the PCR product from the first round was used as
template instead of genomic DNA. The thermal profile for the second round PCReava

same as for the first roundjth the number of cycles increased from 20 to 35.

2-8ul of PCR products from the second round were run on 2% agpaigseained with
ethidium bromide and visualised under UV light. Samples containing bands of 450-
600bp in size were prepared for sequencing using a Qiagen MIinEIUte BER
purification kit and a QiaVac multiwell vacuum manifold. The purified PCR fragsnent
were then sequenced directly by dye terminator cycle sequencing (Big3), and
loaded on an ABI PRISM 310 automated sequencer {@ghiosystemsCA, USA).
Sequences were edited in Seqcher v. 4.2 (GeneCodes Coil, USA), and aligned in
ClustalX (Jeanmougin, Thompson, Goelal, 1998). Sequences corresponding to
Plasmodiunor Haemoproteugrom knowvn alignmentsverescored as positive for avian
malaria Sequences corresponding-teucocytozoosequences were scored as negative
for the purposes of this study; while a study of the seasonal variati@u@ocytozoon
prevalence would certainly be ottémest, the PCR test is not designed to amplify DNA
from these parasites, amgithus less efficienparticularly when eithédaemoproteusr
Plasmodiumare als@resentWhere possible, avian malaria sequences were further
characterised to the lineage level, with exact matches namedeasgtierg lineages in
GenBank, whilst sequences differing by one or more base pairs from those im&enBa
were assigned new nam&ge report a new lineage, pBLUTI3 (now assigned GenBank
accession number DQ991069)iddd infections were present at a low rate (€a.i@

2004-5, S.C.L. Knowlest al. unpubl.) and are not considetegte.
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Statistical analysis

Examiningonly linear changes of parasite prevalence through time can mask complex
oscillations in disease prevalen@ascual & Dobson, 20050 we employed a statistical
approach that seeks the best linearamdmear fit toprevalencalata Seasonalariation

in the prevalence of malaria infection was examined using generalized additedingo
(GAM), essentially a generalized linear model (GLZ) in which a smodthedion of a
covariate (sample date) can beonsidered alongside conventional linear predictors and
their interactiongHastie, 1990). The smoothed term uses a cyclic spline for continuity
between thend and beginning of each year. More complex functions are penalised such
that a linear function would be retained if more parsimoniaith, smoothing parameters
selected by penalized likelihood maximizatioa generalized cross validatigWood,
2004). We incorporated a smoothed function of samlatg as a model term while
examining associations between malaria infectionliaedr functions of sampling date,
year, host age, and sex (and their interactions), using binomial errors and aKkogihis
starting model was optimised lyet backward stepwise elimination of nsignificant
terms, beginning with higher-order interactions. Interactions between camnednti

factors were considered, agthose involving smoothed date cannot be incorporated
into GAMSs, potential interactions b&een the smoothed date term and any retained linear
terms were examined by constructing GAMs subsetted by the retained gragée.see
Results) In order to compare seasonal patterns of prevalence behssnodium
morphospecies, we tested the faietionteraction between season (four thneenth

periods beginning 15Jung and parasite species. In all models, terms were retained if
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their removal caused a significant change (P<0.05) in model deviance. Means are

presented 1 standard error.

Results

Samples collectedetween autumn 2003 and summer 2005 from 816 individualtits
werescreened for avian malaria infectiorheprevalence of avian malaria infection
across the study periadas25.6%, comprising 24.4®Rlasmodiumand 0.8%
Haemoproteusgthe latter genus is excluded from analydes to low prevalence and the
potential for different seasonal patterns due to different vector ecoldgiésinas,

2005). A total of 11 cytochromiedineages were identified: eigRtasmodiunand three
Haemopoteusspp. (Table 1). Somelasmodiuniineages have been matched to
morphological species known from light microscopy (Hellgren, Krizanauskiene
Valkitinas et al, 2007; Palinauskas, Kosarev, Shap&tall, 2007; Valkitnas,
Zehtindjiev, Hellgreret al, 2007):we therefore analyse the seasonal pattern of
Plasmodiunpooled across all lineages, in addition to the prevalence of the two most
common parasite morphospecies which together accoud8%rof avian malaria
infections, namelyPlasmodiunrelictumGrassi & Feletti, 189andP. circumflexum
Kikuth, 1931. /s the prevalence of amingle lineage never exceeded 10%, the available
sample sizedid not supporthe analysi®f lineages within species. Two approximately
similar peaks opooledPlasmodiunprevalencevere observed May/June and

September/October, with a steep decline in infection in winter (Fig. 1).
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A non-linear smoothed function of sampling date was retaasdtie most suitable
temporalpredictor ofpooledPlasmodiunprevalence (Table 2a). Host age was also
retained in the miel: over the year as a whole, prevalence 4&2% higher in older birds
(29.8+2.8%6) compared to firsyear birds (20.5+1%). Year, host sex and a linear date
function were not retained (Table 2a). A residual plot of the final model describing
seasonal vaation in prevalence (Fig. 2a) shows two prevalence peaks, one in autumn and
one in the breeding season in spring, with a marked drop in prevalence in winter. Simila
analyses, treating the morphospecies separatedguced contrastingsults theP.
circumflexummodel retained a smoothed date funcgonilar to that for poled
Plasmodiun{Fig. 2b and Fig. 3)and an age effect (Table 2b); prevalence was again
higher in older birds (17.1+2.1%) than first years (11.5+1.%260)elictumretained a

weak lirear date function in preference to non-linear smoothed functions, increasing
gradually over the year, but with no age effect (Table Zaalyss o morphospecies
prevalencdoy bimonthly periods (as in Fig. 1¢tained parasite species as a model factor,
reflecting a difference in overall prevalence across the yeaa{2analysis ofleviance:
¥’=4.89, df=1, P=0.02%nd significant variation between bimonthly periods (x°=5.89,

df=1, P=0.015), but no interaction term. Analysing prevalence variation by of the
sampling year (seasons being four, three-month periods beginning on $uatsa5
retained species as a model fa¢®way analysis ofleviance: ¥°=7.70, df=1, P=0.0055)
importantly, the season*species interaction was retained (x°=10.4, df=3, P=0.016),
indicatingdifferent patterns of seasonariation in prevalencat the level of three

month seasons, shown by the tRasmodiunmmorphospecies (Fig. 3).
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We further examined the differences in seasonal variation in prevalence bycimg
predicted response models, which use final models (Table 2) to predict the variation in
prevalence over a hypothetical range of daily sampling datesproactthatis useful to
visualise complex non-linear variation in prevale(féig. 4). The predicted response
models wergudged to bex good reflectn of observed prevalence data, beedus
bimonthly prevalence (e.g. from Fig. 1) did not deviate significantly from ttiegbeel
variation in prevalence shown in Fig. 4 (bimonthly observed vs. predicted prevalence for
pooledPlasmodiumP. circumflexumP. relictum good ness of fif? tegs, df=5,

P>0.90), and (ii) observed and predicted bimonthly prevalence were significantly
correlatedwith slopes close to unity, for pool@dasmodium(r=1.03, P=0.01, &0.80)
andP. circumflexun{r=1.27, P=0.006, &0.85) These correlation®flect the retention

of smoothed date as a predictor of prevalence (Tablghl&reas no such correlation
existed between observed and predi®ecklictumprevalencegr=0.36, P=0.22,

R?=0.18), for which smoothed date was not retained. Predicted response moBels fo
relictum (Fig. 4c) are, therefore, presented merely for visual comparison with pooled

PlasmodiumandP. circumflexum

Comparing these plots between morphospecies reveals different seasornad pétte
prevalence (Fig} 4a-c): both pooleBlasmodiumandP. circumflexunshowed a clear
pattern of seasonal variation including an autumn peak and an increase in prevalence
early in the yearP. relictuminfection (the modelling of which retained a linear function

in preference to a smoothed date functicehl€ 2c) showed a relatively stable seasonal

12
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pattern of prevalencd somewhat lower in winter. Thistronglysuggests that seasonal
variation inP. circumflexunprevalence is largely responsible for the observed seasonal

variation in pooledPlasmodiunprevalence.

Considering subsets tiese predicted prevalence models by age sla®sed that the
seasonal pattern of pool@asmodiumnfection differsmarkedly by host age (Fig 4a).
All age classes show evidence of a goseding peak Plasmodiunin autumn, but
older birds show a more marked increase in prevalence in early spring. Thitems thed
the age structure in seasonal variatiopaoledPlasmodiunprevalence between age
classes (Table 2a) lies in the putative ‘spring relapse’ pdfiockcumflexumshowed
evidence for an autumn peak in prevalence, which was most apparent in firsugear bl
tits; notably an obvious sprimglapsewvas absent regardless of 4§&. 4b).As

modelling ofP. relictumprevalenceetaineda linear function in prference to a
smoothed date function (Table 2c), and a poor fit was found between observed and
predictedP. relictumprevalencegxamining predictive models subsetted by age is not
justified statiscally for this morphospecies, so we may not draw conclusions from the
agesubsetted model of predictéd relictumprevalence (Fig. 4c). Only a linear date
function, and not age, was not retained in the modellir®) aélictumprevalenceThis
linear date function, suggesting a slight increase in prevalencéhevegearTable 2c)
indicates thathe prevalence d®. relictumis less seasonally variable than

circumflexum
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Discussion

Seasonal variation iRlasmodiunprevalencen blue tits in our study populatiois
characterised bgimodal peak# prevalencen autumn and spring, aradmarkedirop in
prevalenceluring winter.At first sight this genus levglatternagres with the model of
Beaudoiret al.(1971) for seasonal variation in avian malaria in tempeegfens.
However, hetwo most prevalerdvianPlasmodiunmorphospecies in our study
population showed different patterns of seaswaahtionin prevalenceP. circumflexum
showed seasonal variation of a patt@milar to that fopooledPlasmodiumwhereas$.
relictumprevalence was mosgable. There waslsoclear age structure in the seasonality
of Plasmodiuminfection: first year birds showed a less marked spring relapse of
Plasmodiunthan older birds. The autumn peakPlasmodiunprevalence was largely
driven byP. circumflexumAs seasnalpatterns vary between age classes and between
differentPlasmodiunmorphospeciesye reject Beaudoirt al.s model as it is not robust

to the underlying complexity of tHaue titPlasmodiumnteractionin this population.

Following the posbreedim/fledging phase in Junbklue tits shoveda peak irprevalence
of pooledPlasmodium(andP. circumflexurpin autumn (Figs. 2, 4a&b). This October
peak might result fromew transmission to previously uninfected birds, rather éhan
relapseof previously infected birds, which could result eitirem a reductiorin herd
immunity or the additiorof immunologically naive juveniles into the population during
the breeding seasdAltizer et al, 2006). The Octobd?lasmodiunP. circumflexum

prevalence peageen in first-year birds (Fig. #hecessarily represenbhew transmission,

14
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since thesdirds are new recruits to the population and so cdmnat beempreviously
infected.This post-fledging periots considerable a gap in our knowledge of the ecology
of tits: dter fledging,they are not easily trapped, so causes of the high rates of post-
fledging mortalityare poorly understogdPerrins, 1979)Assessinghe impact ofwvian

malariaon the survival of juvenilegresents aimportantchallenge

In winter, the prevalence of pool@smodiumnfectionsand theP. circumflexum
morphospeciedeclineddramatically in both first year and adult birds, most likely due to
a cessation of transmission and decline of existing malaria parasites édhoal with
negligibleblood stages surviving the wintét. relictumwasalsoabsent in winter, but
present at a stable prevalence for the rest of the year (Fig. 4c). Aasmodiunspp.
survive thdack of transmission during the wintey remainingn host tissues

(Valkitinas, 2005); our use ofsensitivePCRbased screening methods in this study
suggests th&lasmodiumninfectionswere indeed absefrom the blood during in
November and Decembé¥ig. 1), as these@echniquesan detecapproximately one
malaria parasite per 1@rythrocyte{Waldenstromet al, 2004).It is possible that some
malaria parasitearebetter adaptetb surviving the winter than others, an idea supported

by the markedly different seasonal patterns show.bglictumandP. circumflexum

(Fig. 3).
Parasite prevalence has been reported to incpgameto the breeding seasam

temperatevild bird populations, known as the ‘spring relapse’ (Applegate, 1971; Box,

1966; Schradeet al, 2003; Valkiiinas, 2005). Experimental studielsave implicatedlay
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length and hormone levels in inducing rela@spgplegate, 1970; Valkitinas, Bairlein,
lezhovaet al, 2004). Pooledlasmodiumnfection shows, anB. relictuminfection
suggestsa spring peak in prevalengarior to the onset of the breeding season in mid-
May (Fig. 3). This may be due to relapseifanfected birds die during the winttdre

spring peakmay result fronre-infection with newly transmitted parasit€sontrary to

this latterinterpretation ishat vector populations are unlikely to have reached their peak
until later in the yea(Cranstoret al, 1987; Marshall, 1938). Therefore, irsasonable

to suggest that the springetapséin prevalence among older birds is indeed due to a

relapse of old infections rather than to new transmission.

Previous studieseport marked differences in the prevalence of avian malaria between
first yearand older birds, but the direction of tleiectis not consistent in previous
studies (Dale, Kruszewicz & Slagsvold, 1996; Kucera, 1979; Merila & Andersson, 1999;
Sol, Jovani & Torres, 2000, 2008alkitnas, 2005). Predicted models of seasonal
variation inPlasmodiunprevalence between age classes inbbug tit population (Fig.

4) suggest that the age structlies in the spring relapsgooled age classes showed an
autumn peak in prevalendayt older birds had more marked spring peak than first
years (Fig. 4a). From February to the breeding season, prevalence ithsteaddy in
first-years,but more rapidly in older birds. Although young birds breed later than older,
more experienced, lals, thedifference in breeding time is sma-3 days) so is unlikely
to account for the large discrepanoyelapse betweeage groupsExamining the age
structure of infection by morphospecies revealed that the pattern seen in pooled

Plasmodiunprevaknce was due to seasonal variation between both morphospecies and
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369 age class: the autumn peak in podialsmodiuntan beattribuiedto P. circumflexumn
370 first years (Fig. 4b), and our data hihatthe spring relaps@ pooledPlasmodiunmay
371 be attributhleto P. relictumin older birds (Fig. 4c).

372

373 The different seasonal patterns of prevalence between thegdaswodium

374 morphospeciesuggesthatP. circumflexumransmission may benefit from the post
375 fledging peak imumbers ofmmunologically naivendividuals or a reduction in herd
376 immunity. Potentialspring relapsesf P. relictumin older birds mgrepresent lineages
377 transmittedonly beforethe eggs hatch, and sot transmittedo first years after fledging.
378 Given thatP. relictumis the most ubigitous and least hoseéstricted of the avian

379 Plasmodia, onenayspeculate that it hasmore successful transmission stratdwpnP.
380 circumflexumThis hypothesis would be supported if spring relap$e melictumbut not
381 P. circumflexunwasconfirmed ly further studyasP. relictumgametocytes am@ore
382 infective to vectors in spring tham autumn (Valkitinas, 2005). The higherinfectivity of
383 P. relictumin spring coincidesvith the arrival of migratory bird speciasd precedes the
384 increase irthe host populatiorgpotentiallyfacilitating the parasite’s spread and

385 persistence. Such speculation requires improved knowledbe etology of avian

386 malariain resident and migrant birdg Wytham The autumn peak iPlasmodium

387 prevalence, particularly iR. circumflexum coincides with a peak in the pdkeging
388 dispersal of first year birds, presenting an opportunity for malaria pegasitisperse
389 with their hosts; older birds, having already bred and held a territory, dispesdarle
390 than first yeargPerrins, 1979). Thepidemiologicatonsequences afgestructure both

391 inthe seasonal variation of prevalence betwlasmodiunmorphospecies and in

17



392 dispersal distangare intriguing. Clearly, wr understanding of the epidemiology of host-
393 parasite iltractions involving avian Plasmi@awould be enhanced by the study of vector
394 specificities and the seasonal gadaility of compatible vectors

395

396 This studyis reliant upon sensitive molecular diagnostic techniques, (Waldemstréal,
397 2004), knowledge ahe taxonomy of aviaRlasmodiumn relation to molecular data

398 (Hellgrenet al, 2007; Valkitnas et al, 2007)andcategorisation of hosts into first year
399 and older birds. Without these factors, the ‘two peaks and a trough’ model of seasonal
400 variation in avian malaria prevalence (Beaudsial, 1971) would have been accepted
401 by our study, when in fact the seasonal pattefPlaémodiumvariation inblue tits in our
402 study is a complex combination of different patterns, both bet®Bsmodium

403 morphospecies anh the case oP. circumflexurpbetweerage classe#\n additional

404 factor not considered here is that there may be marked spatial differences in the

405 prevalence and distribution of different parasite species. Indeed, we know thikhé& be
406 case for the present study population, which showsadpatiiation inboththe overall

407 prevalence of malariandin the distribution of morphospecies (Wood, Cosgrove, Wilkin
408 et al, 2007). here are some intriguing parallels between the temporal patterns revealed
409 here and the spatial ones described elsewNéoedet al, 2007): in both caseB,

410 relictumshows a broader distribution, whike circumflexunshows a more clustered

411  distribution.

412

413 We found no evidence that the seasonal pattern of infection differed betwee(lhabdes

414  2), although the possibility of annual variation in seasonal patterns isstaddy
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variation in the prevalence of some avian malaria lineages between breeding seasons
(Woodet al, 2007) Betweenyear fluctuations in parasite prevalence are commonly
reported for vector-borne and other diseases, suggesting that moterlondata is

required to examine betwegear variation in avian malaria in our study population (e.g.
see(Bensch, Waldenstrom, Jonzetal., 2007) There was no significant difference
between the malaria prevalence of males and f&srthroughout the year, in contrast to
several field studies showing differences in parasite prevalence between thd sexes o
breeding wild birds (Applegate, 1971; Merila & Andersson, 1999; Richner, Christe &

Oppliger, 1995).

Our datademonstrate that studies of the ecologparasitesn wild populations should
take account of temporal variation within years (i.e. seasonal variationlegsathree
contexts. First, overajprevalence varies both with date and with host agtimeaning

that both factors must be known to make sense of any variation in prevalence, unless
sampling is restricted to specific temporal and activity classes. Secendlgurce varies
with host demographic factors, and the seasonal pattern differs among differeagehost
groups. Third, the seasonal pattern of prevalence differs among malari¢eparasi
morphospecies. Identifying the transmission periods when hosts andvanfesittors

meet is crucial here: the study of vector ecolagyld greatly enhance our understanding
of the seasonality of avian malaria in our study system. Host-vector and passite
associationsre poorly understoaoat presen{Boete & Paul, 2006). In a broader context,
understanding the causes of seasonal variation in transmission might be attsrapte

wider geographic scale (Pérérs & Bensch, 2005), dn the context of how these
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diseases might respond to climatenggKovats, Campbell-endrum, McMichaekt al,
2001; Rogers & Randolph, 2000)nystudythat aimsto understand individual
heterogeneity in infection in avian malasiaould consider both temporal (this study) and
spatial variatior{Woodet al, 2007) as contributory factors. Continued research pesmis
increasing understanding of the ecology of avian malaria, and the epidemiology of

vectorborne disease in general.
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Table and Figurelegends

Tablel.

A total of 816 individuablue tits, sampled between autumn 2003 and summer 2005 were
screened for avian malaria infection. Mitochondrial cytochrbrheeageswvere assigned
using molecular techniques (see Methods), shown in thealge’ column; therefix “p”
denotedPlasmodiumand “h” denotedHaemoproteusThe frequency of infection of each

avian malaria lineage is shown, categorised by host species.
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461 * Mitochondrial cytochromes lineagereviously matched to morphological sj@sc

462 (Hellgrenet al, 2007; Palinauskeet al, 2007; Valkiiinas et al, 2007).

463 T Some sequences could not be resolved to a particular malaria lineage, but tasem
464 could be resolved to eith®tasmodiunor Haemoprogus.

465 * Percentages in parentheses indicate the overall population prevalence, which do not sum
466 to pooled prevalence due to low frequency (ca. 2%) mixed infections (S.C.L. Knowles e
467 al. unpublished).

468

469 Table2.

470 Final Generalized Additive Model$5AMs) areshown, examining seasonal variation in
471 (a) poledPlasmodiumnfections, (b)P. circumflexunand (c)P. relictum In each

472 model, a smoothed function of spl® date wasnodelled alongside linear predictors and
473 their interactions (linear datkpst age, hasex and sampling yeausng binomial errors
474 and a logit link. Each model was optimised by the backward stepwise elimination-of
475  significant terms, beginning withigher ordeinteractions. Model terms were retained if
476 their removal caused a signifitachange (P<0.05) in model deviance. No interactions
477  were retained in final models.

478

479 Figurel.

480 A total of 816blue tits sampled between autumn 2003 and summer 2005 are analysed
481 here. Avian malaria infection was diagnosed using molecular techniques (seed)lethod
482  Error bars represent tles.

483
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506

Figure 2.

The estimated effect of the smoothed function of date on prevalence is shown, agntrolli
for other model effects (e.g. host age, see Table 2). Generalized additive modelling
(GAM) was used to incorporate patialnoniinear variation in prevalendqsee

Methods) Note the marked peak in prevalence in Octdtb@vember, a reduced
prevalence in mivinter (Decembedanuary), another peak in prevalence in early spring
(March) before the breeding season (Mawye). Dotted lines about plotted functions

show the Bayesian credible intervals of the model.

Figure 3.

Predictive models were constructed to visualise variation in prevalence miphrsz

date and age, fd?lasmodiuminfection,P. circumflexunandP. relictum,eachusing the
best non-linear smoothed function of sampling date (Tal#e &lictumretained a linear
function in modelling, but a smoothed function is used here for comparison). Their
respective predicted prevalences through the year were thrapaated from the model
fitted to prevalence data (e.g. Fig. 2). Points on each graph show the Plasiewdium
infection status of birds used in generating the predictive model, i.e. those pdatoke (
circles) and negative (open circles) for infentiMultiple samples on a particular day are

overlaid, so these points undepresent the extent of sampling.

Figure4.

These plots follow the rationale in Fig. 3; predicted prevalence is shown for (a)

Plasmodiumnfection, (b)P. circumflexunand (c)P. relictum by age category to
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508

509

510

511

512

513

514

515

516

517

illustrate the age structure in infection (Table 2): (i) age classes supeeaposall

ages, (iii) first years and (iv) older birds. Smoothed date function and host ageoivere
retained in the modelling &t. relictumprevalenceand therefore is shown here (Fig. 3c)
merelyfor comparisonCircleson each graph show the infection status of birds used in
generating the predictive modehultiple samples on a particularydare overlaid and so
underrepresent the extent sdmpling.Grey squares show observed mean bimonthly
prevalence: predicted prevalence showed a good fit with observed prevalence data f
Plasmodium(r=1.03, P=0.01, &0.80) andP. circumflexunir=1.27, P=0.006, &0.85),
but not forP. relictum(r=0.36, P=0.22, &0.18).Predicted prevalence is plottedly

within the range of observed data.
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518 Tablel.

519 Diversity and abundance of avian malaridpiue tits from Wytham Woods

Lineage GenBank no. Morphospecies N infected
pSGS1 AF495571 Plasmodium relictum* 72 (8.8%)
pGRW11 AY831748 Plasmodium relictum* 12 (1.5%)
pBLUTI3 DQ991069 Plasmodium relictum* 1 (0.1%)
Plasmodium relictum** 84 (10.3%)
PTURDUS1  AF495576 Plasmodium circumflexum* 74 (9.1%)
pBT7 AY393793 Plasmodium circumflexum®* 38 (4.7%)
pBLUTI4 DQ991070 Plasmodium circumflexum* 1 (0.1%)
pBLUTI5 DQ991071 Plasmodium circumflexum®* 1 (0.1%)
Plasmodium circumflexum** 113 (13.8%)
pBLUTI1 DQ991068 Plasmodium spp. unknown 4 (0.5%)
Unresolved Plasmodium 17 (2.1%)
lineages'
Pooled Plasmodium spp.* 199 (24.4%)
hTURDUS2 DQO060772 Haemoproteus minutus* 3 (0.4%)
hww1 AF254971 Haemoproteus spp. unknown 1 (0.1%)
hBLUTI1 DQ991077 Haemoproteus spp. unknown 1 (0.1%)
Unresolved Haemoproteus 2 (0.2%)
lineages'
Pooled Haemoproteus spp. ¥ 7 (0.8%)
Unresolved avian malaria’ 5 (0.6%)

Pooled avian malaria *

209 (25.6%)
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Table 2.

Plasmodiuninfectionin blue tits

Factor parameter estimate Z P

(a) Pooled Plasmodium
Age 0.45+0.17 2.66 0.0078

Smoothed sample date: estimated df = 5.56, y*= 19.3, P < 0.013

(b) P. circumflexum
Age 0.42+0.21 2.04 0.042

Smoothed sample date: estimated df = 4.91, y*= 16.6, P = 0.034

(c) P. relictum

Linear date 0.0052+0.0027 1.96 0.050

Generalized additive mod=s{GAM) examiningseasoniavariation in the prevalence of
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Figurel.

Seasonal variation in the prevalencéta#&smodiuminfection inblue tits
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Figure 2.
Smoothed residual models of the seasonal variation in prevalence of (a) pooled

Plasmodiumand(b) P. circumflexumnfection inblue tits
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Figure 3.

Predictive models of seasonal variatiofPlasmodiuninfectionin blue tits
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Figure4a-c

Predicted prevalence lasmodiumn blue tits

(a) Pooled Plasmodium
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Figure4a-c

Predicted prevalence lasmodiumn blue tits

(b) P. circumflexum
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Figure4a-c

Predicted prevalence &lasmodiumin blue tits by host age and parasite morphospecies

(c) P. relictum
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