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Abstract 1 

 2 

In ecological studies of haemosporidian parasites, prevalence is typically considered as a 3 

stable attribute. However, little is known about the possible within-host dynamics of these 4 

parasites that may originate from environmental fluctuations, parasite life cycles and the 5 

ability of hosts to suppress or clear infection. We blood sampled male collared flycatchers 6 

Ficedula albicollis twice within a breeding season and investigated the determinants of initial 7 

infection status and change in infection status. We found that older males tended to be 8 

initially more infected at courtship. Change in infection status was unrelated to male traits, 9 

however, we detected a widespread disappearance of Haemoproteus pallidus infection from 10 

the blood from courtship to nestling rearing. The probability of change in infection status 11 

increased with the time elapsed between sampling occasions. This suggests that the 12 

disappearance of infection from the blood was either due to an active parasite suppression 13 

mechanism, or due to the beginning of the latent phase in the parasite life-cycle. Initial 14 

infection status or disappearance of infection from the blood showed no correlation with 15 

breeding success. Our results show that Haemoproteus pallidus infection status and thus 16 

prevalence are dynamically changing attributes and this has widespread practical and 17 

ecological implications. 18 

 19 

Key words: fitness consequences, male quality, parasite clearance, Plasmodium, seasonal 20 
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Introduction 23 

 24 

 25 

Factors shaping parasite prevalence and virulence have been in the focus of recent 26 

research. The life history characteristics of the parasites may depend on joint infections by 27 

different parasite species (Levin and Bull 1994; Frank 1996), host specificity of the parasites 28 

(Kirchner and Roy 2002), strength of the host’s immune defence (Gandon and Michalakis 29 

2000) and the duration of the host-parasite coevolutionary relationship (Ewald 1983; Dybdahl 30 

and Storfer 2003; Poulin and Mouillot 2004; Garamszegi 2011). Recent results suggested that 31 

parasite species reach similar prevalence in different host populations and species (Krasnov et 32 

al. 2004; Poulin and Mouillot 2004; Garamszegi 2006; Hellgren et al. 2009; Szöllősi et al. 33 

2011).  34 

However, parasite prevalence may vary with geographic distances even between different 35 

populations of the same host species (Szöllősi et al. 2011). This is due to the fact that 36 

geographic distances often correlate with genetic distances of the host populations (Verheyen 37 

et al. 1995), so different populations may show different host-parasite coevolutionary patterns 38 

(Szöllősi et al. 2011). Furthermore, in different habitats parasites may face different parasite 39 

competitors (Wood et al. 2007; Szöllősi et al. 2011) and host species to which parasites are 40 

adapted to a different degree. Moreover, small scale geographic and climatic differences may 41 

also occur within a habitat, which may result in marked differences in the prevalence of 42 

vector-borne parasites, such as avian haemosporidia (see Wood et al. 2007; Knowles et al. 43 

2011). This is because the composition and distribution of vector fauna were shown to be 44 

affected by vertebrate host distributions and by vegetation structure (Burkett-Cadena et al. 45 

2013), while larval development of vectors was affected by the availability and depth of 46 

seasonal pools (Burkett-Cadena et al. 2013, Goldin et al. 2015). 47 
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Prevalence of haemosporidian parasites (hereafter we focus on Haemoproteus and 48 

Plasmodium spp.) detected from the birds’ blood may also vary with time. First, 49 

environmental conditions may change seasonally in temperate zones. After snow melting and 50 

rainfalls, the increasing number and depth of seasonal pools (Burkett-Cadena et al. 2013, 51 

Goldin et al. 2015) and the warm weather favour the development of vectors (vectors of 52 

Haemoproteus spp.: biting midges (Diptera: Ceratopogonidae) and hippoboscid flies 53 

(Hippoboscidae); vectors of Plasmodium spp.: blood-sucking mosquitoes (Diptera: 54 

Culicidae) and thus the transmission of parasites, which may result in a general increase in 55 

prevalence (Valkiūnas 2005).  56 

Second, Haemoproteus and Plasmodium parasites show a complex life-cycle. When 57 

feeding on birds, vectors inoculate sporozoits, which undergo asexual division in the cells of 58 

different tissues of the birds. After several generations of exoerythrocytic development, 59 

merozoites appear in the blood for gametocyte formation (Haemoproteus) or for merogony 60 

and gametocyte formation (Plasmodium). Mature gametocytes are transmitted into the vectors 61 

where fertilization, then oocyst formation and sporogony take place (Valkiūnas 2005).  62 

In temperate zones, the transmission period of the parasites (i.e. when parasites can be 63 

detected from the birds’ blood) is typically synchronized with the start of birds’ reproduction 64 

(Valkiūnas 2005). One reason may be that the immune system of the birds is weakened due to 65 

the immune suppressive effects of increased stress and sexual hormones and the high energy 66 

demands during the courtship and chick rearing period, so parasites can increase their 67 

numbers in the blood (Valkiūnas 2005; Hasselquist 2007). Furthermore, parasites may be 68 

selected to reach the higher number of transmissible forms in the blood when the conditions 69 

for transmission are best guaranteed, that is, when vectors and naïve host individuals are at 70 

high density. During autumn, parasites start to disappear from the blood and from late autumn 71 

they persist in internal organs (Valkiūnas 2005).  72 
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Differences in individual host quality within a host population may also be an important 73 

factor when interpreting patterns of parasite prevalence. In individuals that survived the acute 74 

stage of infection, long-term chronic infections may develop, and parasites can persist in a 75 

generally lower number that is controlled by acquired immunity (Atkinson and van Riper 76 

1991; Valkiūnas 2005). However, there is individual variation in the strength of the immune 77 

response (reviewed in Hasselquist 2007), which may result in differences in the parasite levels 78 

during chronic infections. If heavily parasitized birds are unable to mate and subsequently 79 

breed because of the negative effects of parasites on general body condition or on the 80 

expression of secondary sexual characters (Figuerola et al. 1999; Merino et al. 2000; Sanz et 81 

al. 2001; Marzal et al. 2005; Spencer et al. 2005), sampling of birds only during the nestling 82 

rearing period will result in biased estimate of prevalence.  83 

Accordingly, we may expect parasite prevalence to be influenced by environmental 84 

conditions, progress of the season, host population composition and individual host quality. 85 

To get a clear picture of parasite prevalence and its fitness consequences on the host 86 

population, changes in infection status and prevalence over the reproductive cycle of the host 87 

should be studied. Most previous studies on Haemosporidian parasite prevalence, however, 88 

sampled host species and their parasites within a short period of the reproductive cycle 89 

representing parasite prevalence only by one data point per host population/species with no 90 

information available on the stability of prevalence across the year (Szöllősi et al. 2011; 91 

Marzal and Albayrak 2012). On the other hand, quite a few studies that compared different 92 

host populations/species sampled these at different times of the year (Jenkins and Owens 93 

2011; Drovetski et al. 2014) or in different years (Hellgren et al. 2009; Swanson et al. 2014) 94 

and therefore seasonal or year effects may have distorted the prevalence patterns they detected 95 

and their conclusions. 96 
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A few studies on haemosporidian parasites, however, sampled the same host populations 97 

multiple times and examined changes of prevalence over time. Cosgrove et al. (2008) found 98 

that increase in vector abundance was followed by an increase in Plasmodium prevalence 99 

from spring to autumn within a blue tit Cyanistes caeruleus population, but prevalence was 100 

also positively correlated with the age of the host individuals. Others found changes in 101 

infection status within individual hosts even within the reproductive season (Knowles et al. 102 

2011) and also between years (Knowles et al. 2011; Lachish et al. 2011; Podmokla et al. 103 

2014). However, none of them tried to investigate the possible factors behind and the fitness 104 

consequences of changes in individual infection status. 105 

Here we examine whether the prevalence of Haemoproteus and Plasmdium parasites is 106 

stable or changes over the breeding season in a population of male collared flycatchers 107 

Ficedula albicollis. First, we investigate whether infection by haemosporidian parasites 108 

affects the composition of the host population in the short term, that is, whether individuals 109 

infected at arrival can also be observed during breeding. We also examine whether infection 110 

status at arrival affects the breeding success of males. Second, we investigate whether there is 111 

a change in infection status within individual birds and whether this is influenced by 112 

individual quality (estimated by the size of secondary sexual characters of the host 113 

individuals). Finally, we investigate whether the change in infection status affects the 114 

breeding success of the males.  115 

 116 

 117 

Methods 118 

 119 

Study species and field methods 120 

 121 
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Our fieldwork was carried out in a Hungarian population of collared flycatchers in the 122 

Pilis Mountains (47°43´N, 19°01´E) during a 5-year period (2005, 2006, 2007, 2009 and 123 

2010, N = 232). From the expected arrival date from the wintering sites (middle of April), we 124 

monitored the field site for territorial flycatcher males (showing typical courtship behaviour at 125 

the nest box) every day and determined their arrival date as the date of first sighting on the 126 

field site.  127 

Males were captured with a nest-box trap when they arrived and also during chick 128 

feeding (when nestlings were 8-10-days-old) to take measurements and blood samples. 129 

Breeding activity and reproductive success were monitored by checking the nest boxes every 130 

five days during the breeding season. We classified males as yearling or older based on the 131 

typical sub-adult plumage colouration (brown remiges) of yearlings (Svensson 1992). Body 132 

mass (to the nearest 0.1 g), tarsus length and the size of two sexually selected characters (to 133 

the nearest 0.1 mm), the forehead patch (estimated by the product of its maximum height and 134 

width; Hegyi et al. 2002) and the wing patch (estimated by the sum of the lengths of white 135 

bars on the outer vanes of the 4th-8th primaries; Török et al. 2003) were measured. Blood 136 

samples were taken from the brachial vein from each male from both periods that were 137 

subsequently used for parasite screening. 138 

 139 

Sample collection and parasite detection 140 

 141 

Blood samples were stored in absolute ethanol and kept at – 20°C until lab analysis. DNA 142 

from blood samples was extracted by an ammonium-acetate method (Nicholls et al. 2000) and 143 

the concentration of genomic DNA was adjusted to 25-35 ng/µl. We used a highly sensitive 144 

polymerase chain reaction (PCR) based method for the investigation of parasite prevalence (it 145 

reliably detects infections in intensities as low as one parasite per 100.000 host blood cells, 146 
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Waldenström et al. 2004). PCRs were performed to amplify a part of the cytb gene on the 147 

mtDNA of the parasites. In all PCRs both negative (ddH2O) and positive controls (samples 148 

from birds which were previously confirmed to be infected) were included among the samples 149 

to control for possible contaminations and failures during PCRs, respectively. To ensure that 150 

none of the samples went through degradation between sample collection and analysis, all 151 

negative samples were checked for DNA quality by amplifying the CHD (chromo-helicase-152 

DNA-binding) genes of the host DNA (using the protocol described by Rosivall et al. 2004). 153 

To reduce the risk of losing infections because of sampling error we screened negative 154 

samples twice for blood parasites. 155 

All samples with positive amplification were sequenced directly using the BigDye® 156 

Terminator v3.1 cycle sequencing kit and products from the sequencing reactions were run on 157 

an ABI PRISM® 3100 Genetic Analyser (Applied Biosystems). Sequences were edited and 158 

aligned using the program BioEdit (Hall 1999) and identified to genus level (Haemoproteus 159 

or Plasmodium) by comparing sequence data with those of previously identified parasites 160 

reported in MalAvi database (http://mbio-serv2.mbioekol.lu.se/Malavi, Bensch et al. 2009). 161 

Parasites with sequences differing by one nucleotide substitution were considered to represent 162 

evolutionarily independent lineages (Bensch et al. 2004).  163 

 164 

Data analysis 165 

 166 

16 collared flycatcher males were captured in multiple years but only one, randomly 167 

chosen observation was used from each male for this study. Therefore, the final sample size 168 

was reduced to 216 birds over the 5 years.  169 

 170 
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Tarsus length was used to estimate body size and was standardized across years, while 171 

the two sexually selected plumage characters, wing patch size and forehead patch size were 172 

standardized across years, ages (1-year-old or older) and breeding plots. Relative arrival date 173 

to the breeding territory was calculated as the difference between the arrival date of the focal 174 

individual and the yearly median arrival date. Breeding probability was a binary variable 175 

indicating whether or not the male captured during courtship was found breeding in the given 176 

year. Time of mating was estimated as the difference between laying date and the arrival date 177 

of the focal individual male and was then log-transformed to achieve normality. Clutch size 178 

was used to describe breeding success. Infection status was a binary indicator of whether the 179 

male was infected or not during courtship, while change in infection status reflected whether 180 

parasites disappeared from the blood or the individual remained infected from courtship to 181 

nestling feeding. 182 

Survival was defined whether or not the given male appeared at the breeding territory 183 

in the next four years following the investigation. Because of the high site fidelity of breeding 184 

individuals (males return within a distance of 129 m from their previous-year nesting site; 185 

Könczey et al. 1992) we considered those individuals which were recaptured in four years 186 

following the experiment as survivors while non-recaptured birds as non-survivors. 187 

 188 

We used general(ized) linear models including tarsus length, wing patch size, forehead 189 

patch size and relative arrival date as covariates and year and age as factors. Dependent 190 

variables were infection status at courtship and change in infection status (analysis restricted 191 

to the birds that were initially infected). When we analysed the determinants of change in 192 

infection status, we also controlled for the time elapsed between the two blood sampling dates 193 

and the change in body mass between sampling at courting and nestling rearing.  194 
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We also analysed whether the above variables (tarsus length, wing patch size, forehead patch 195 

size, relative arrival date, year, age) and infection status at courtship affected survival, 196 

breeding probability (using generalized linear models with binomial error and logit link) 197 

clutch size and time of mating (using general linear models).  198 

Focusing on males that were infected and successfully bred, we also analysed whether 199 

time of mating, clutch size and survival correlated with change in infection status while 200 

correcting for the above variables (generalized linear models as above).    201 

After the analyses of our initial models, we performed a stepwise backward deletion of non-202 

significant terms. All analyses were performed in SAS ver. 9.1 (SAS Institute, Cary, NC). 203 

 204 

Results 205 

 206 

Detected lineages and parasite prevalence  207 

 208 

We found 13 different lineages of Haemoproteus and Plasmodium parasites, of which 209 

three belonged to the genus Haemoproteus (H-COLL2, H-COLL3, H-PFC1) and 10 to the 210 

genus Plasmodium (P-AEMO01, P-BUL07, P-COLL4, P-COLL7, P-GRW09, P-GRW11, P-211 

PLOPRI01, P-RFF1, P-TERUF02, P-WW4). The overall prevalence of Haemoproteus and 212 

Plasmodium was 48.15% (104 out of 216 males were infected) at arrival to the breeding sites. 213 

77.9% (N=81) out of the infected birds were infected with H-COLL2 and 1.92% (N=2) by H-214 

PFC1 (both are Haemoproteus pallidus lineages; MalAvi, Bensch et al. 2009). Because 215 

different parasite species may impose different effects on their hosts we restricted our 216 

analyses only to the two Haemoproteus pallidus lineages (H-COLL2, H-PFC1). Since there is 217 

no information whether the virulence of the two lineages differs, we performed statistics both 218 
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for the two lineages together and only for the H-COLL2 lineage. As the results did not differ 219 

qualitatively here we present the analyses including both lineages.  220 

120 of the 216 individuals that were sampled during courtship were subsequently 221 

found to breed. Out of the 83 individuals that were infected with Haemoproteus pallidus (H-222 

COLL2 or H-PFC1) during courtship, 51 were subsequently found to breed. During the 223 

nestling rearing period, Haemoproteus pallidus infection was detected in only 12 individuals. 224 

Thus Haemoproteus pallidus parasites disappeared from the bloodstream in 36 individuals 225 

and we detected, new, different parasite lineages in 3 individuals that were initially infected 226 

with H-COLL2 (we observed 2 switches from H-COLL2 to H-COLL3 and 1 switch from H-227 

COLL2 to P-AEMO01).  228 

2 initially uninfected individuals showed new (H-COLL3) infections. All other 229 

individuals that were sampled both during courtship and during nestling rearing and were 230 

infected with other lineages than H-COLL2 or H-PFC1 during courtship, remained infected 231 

with the same lineage between the two sampling occasions (No of individuals/lineages: H-232 

COLL3 = 1, P-COLL7 = 3, P-GFRW9 = 1, P-RFF1 = 1, P-RTSR1 = 1, P-WW4 = 1).  233 

Therefore, when we analysed the correlates of change in infection status within 234 

individuals we focused only on those individuals from whose bloodstream Haemoproteus 235 

pallidus parasites disappeared. (For the GenBank accession numbers and prevalence of 236 

lineages see Table 1.)  237 

 238 

The effect of infection status at courtship on breeding probability, time of mating, clutch size 239 

and survival  240 

 241 

Here we analysed whether infection status at arrival correlated with the probability of 242 

breeding, the speed of mate acquisition, breeding success (characterized by the number of 243 
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eggs) and survival. Relative arrival date to the breeding territory and year affected the 244 

probability of breeding so that later arriving males were less likely to breed (Table 3). Time of 245 

mating was negatively correlated with relative arrival date suggesting that late arriving males 246 

establish pair bonds relatively earlier. Male age was also correlated with time of mating: 1-247 

year-old males established pair bond earlier relative to their arrival date compared to older 248 

males (Table 3). Clutch size was also affected by relative arrival date; mates of later arriving 249 

males laid smaller clutches. However, survival of males was not affected by any of the 250 

measured variables (Table 3).  251 

 252 

Haemoproteus pallidus infection status at courtship and disappearance of infection 253 

 254 

We analysed whether characters that may correlate with male quality (age, tarsus 255 

length, relative arrival date, size of the forehead and the wing patch) also indicate the male’s 256 

infection status at courtship or the probability of the disappearance of Haemoproteus pallidus 257 

infection from the blood .  258 

Only male age correlated with infection status at courtship with older males being more likely 259 

to be infected with Haemoproteus pallidus but none of the above variables correlated with the 260 

likelihood of disappearance of infection from the blood. The time elapsed between sampling 261 

at courting and nestling rearing period showed a marginally significant positive relationship 262 

with the probability of disappearance of infection from the blood (Table 2, Figure 1). 263 

 264 

 265 

The effect of disappearance of infections on time of mating, clutch size and survival 266 

 267 
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We tested whether males from whose bloodstream these parasites disappeared were 268 

more successful during breeding or they experienced some costs that resulted in lower 269 

breeding success. For this analysis, we focused on birds that were infected at courting and 270 

were later found breeding. Similarly to the analysis above, relative arrival date negatively 271 

correlated with time of mating and with clutch size (Table 4). However, change in infection 272 

status had no effect on variables that reflect the success of breeding and survival (Table 4). 273 

 274 

 275 

Discussion 276 

 277 

We found that in collared flycatcher males, the overall prevalence of Haemoproteus and 278 

Plasmodium parasites decreased markedly (from 48.2% to 18.3%) within a relatively short 279 

period (days elapsed between sampling dates: mean ± SE = 38.11 ± 0.78 days) from arrival to 280 

the breeding sites till nestling rearing. The overall decrease in prevalence could have been due 281 

to the fact that infected individuals were systematically not found breeding and thus they have 282 

caused a systematic bias in our sample. However, we can exclude this scenario, as the 283 

probability of breeding was not affected by the infection status of the birds upon arrival 284 

(Table 3). Instead, the decrease in overall prevalence was due to the disappearance of 285 

Haemoproteus pallidus lineages (H-COLL2 and H-PFC1) from the bloodstream of individual 286 

males. From the bloodstream of those individuals that were infected with other Haemoproteus 287 

or Plasmodium lineages parasites did not disappear (see Results), However, both prevalence 288 

and sample sizes for these other lineages were so low that any changes in infection status 289 

might be due to sampling error (Table 1). We have to note that the detection sensitivity of the 290 

molecular method we used is very high and it gives reliable estimate for parasite prevalence 291 

when infection intensities are as low as 1 parasite per 100.000 erythrocytes or even when 292 
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intensitites are as low as 1 parasite per 1.000.000 host blood cells (Waldenström et al. 2004). 293 

However, the method we used is not flawless and may have underestimated mixed-infections 294 

(Bernotienė et al. 2016). However, we think that this possibility did not bias our results, since 295 

no other parasite lineages disappeared from the blood from courtship till nestling rearing. 296 

Thus supposedly undetected mixed infections co-infecting with Haemoproteus pallidus 297 

during the courtship period should have been detected during the nestling rearing period when 298 

most Haemoproteus pallidus infections were absent from the blood.  299 

The facts that vector abundance (biting midges and hippoboscid flies) increases with the 300 

progress of the season and that parasites are generally present in the blood during the whole 301 

transmission period (Valkiūnas 2005) would unanimously predict an increase in prevalence. 302 

Though we have no data on the transmission of Haemoproteus pallidus at our study site, other 303 

studies showed that transmission does take place in Europe. Kulma et al. (2013) detected H-304 

PFC1 lineages in nestling collared flycatchers in Sweden, while Palinauskas and his 305 

colleagues showed that Haemoproteus pallidus completes its development in its European 306 

vector in Lithuania (personal communication with Vaidas Palinauskas). Maximum intensities 307 

of parasite infections in the birds’ blood were detected from the end of May to the beginning 308 

of June (personal communication with Vaidas Palinauskas) which also predicts a peak in 309 

detected parasite prevalence during the nestling rearing period when parasites were absent in 310 

the blood in most individuals in our population.  311 

However, we still cannot exclude the possibility that there is no transmission of 312 

Haemoproteus pallidus parasites at our study site and male collared flycatchers only carry 313 

these parasites along from Africa or from their migratory route (by now H-COLL2 has been 314 

detected from both migratory and African resident birds, while H-PFC1 from migratory birds; 315 

see Malavi database). If no transmission takes place during the nestling rearing period, the 316 

chronic phase of the infection might have been followed by the latent stage of infection 317 
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during which parasites cannot be detected from the blood anymore because they persist in 318 

internal organs (Valkiūnas 2005). This interpretation may be supported by the fact that the 319 

disappearance of parasites from the bloodstream of the individuals was correlated with the 320 

time elapsed between the two blood sampling dates (Figure 1, Table 2). 321 

On the other hand, it is also possible that an active clearance or parasite suppression 322 

mechanism is responsible for the disappearance of parasites from the bloodstream of the 323 

individuals, as previous studies found different degree of immunity against haemosporidian 324 

parasites (reviewed in Valkiūnas 2005). In these cases, one might expect individual 325 

differences in the immune defence mechanisms, which may result in differences in the 326 

elimination of Haemoproteus pallidus parasites. Individual differences in the immune defence 327 

might be related to some characters that signal individual quality in the host population. 328 

However, none of the characters that signal male quality in the Hungarian collared flycatcher 329 

population (the size of the forehead patch: Garamszegi et al. 2004, Hegyi et al. 2006, Szöllősi 330 

et al. 2009; the size of the wing patch: Török et al. 2003, Garamszegi et al. 2006; tarsus 331 

length: Szöllősi et al. 2009) correlated with infection status at arrival to the breeding sites or 332 

disappearance of parasites from the individuals between arrival until nestling feeding.  333 

We found a correlation between infection status at courtship and male age only, that is, 334 

older males tended to be more likely to be infected with Haemoproteus pallidus. This is a 335 

general pattern in other species as well, and is usually interpreted as the result of older birds 336 

being more likely to get infected simply because vectors already had more time and 337 

possibilities to find these individuals (Valkiūnas 2005, Knowles et al. 2011). However, this 338 

age-dependence is against the explanation based on clearance mechanisms, since if an active 339 

clearance mechanism was responsible for the disappearance of parasites  within individuals in 340 

the breeding season, then no passive parasite accumulation with the age of the birds should 341 

have been found. In addition, 7 of those males from whose bloodstream parasites have 342 
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disappeared Haemoproteus pallidus infection from arrival till nestling rearing were recaptured 343 

in the next year(s) and 5 out of these 7 males were detected to be infected with Haemoproteus 344 

pallidus again (Table 5). Though we cannot exclude the possibility that some individuals are 345 

more susceptible to Haemoproteus pallidus infections and after a complete clearance these 346 

birds got infected in the following year, based on previous studies on haemosporidian 347 

parasites showing that birds maintain the infection for many years (reviewed in Valkiūnas 348 

2005) we find it more likely that these seemingly new infections are rather the relapses of 349 

previous-year infections. If these are indeed the relapses of long-term infections then this 350 

would also serve as a counter-argument for the clearance mechanism. However to distinguish 351 

between these possibilities microsatellite markers should be developed for Haemoproteus 352 

pallidus parasites (see e.g. Chakarov et al. 2015).  353 

If an active parasite suppression mechanism operates behind the changes in infection 354 

status over the season, a correlation between infection status at courting and male age could 355 

still stand. Active suppression would also explain the correlation between disappearance of 356 

parasites and the time elapsed between the two sampling dates. If male collared flycatchers 357 

are in a generally poorer condition after long distance migration, this may result in a peak of 358 

parasite prevalence detected right after arrival. Suppression of parasites, which may result in 359 

their absence in the blood, may take about a month after corroboration and activation of the 360 

immune system.  361 

Infection status at arrival or change in infection status did not correlate with the variables 362 

that we used to describe breeding success of the males, which may suggest that infection with 363 

Haemoproteus pallidus does not have short-term effects on hosts’ fitness. However, we have 364 

to note that change in infection status was measured between arrival to the breeding sites and 365 

8-10 days age of the nestlings, while our breeding success parameters (breeding probability, 366 

time of mating and clutch size) were estimated before the second blood sampling. Therefore 367 
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we cannot exclude the possibilities that by the time of pair formation and egg laying the 368 

infection status of the birds have not yet changed, and that the effects of changing status 369 

became detectable only later (e.g. by the end of nestling rearing). Unfortunately, other 370 

experiments conducted on the breeding population and the high predation rate on the broods 371 

from year 2007 onward did not allow us to measure hatching and fledging success of the 372 

nestlings. As haemosporidian infections may have long-term effects also on the survival of 373 

the host (Asghar et al. 2015), we checked whether Haemoproteus pallidus infection has a 374 

negative effect while change in infection status has a positive effect on the survival of the 375 

males. However, we did not find any indication for parasite infection status or parasite 376 

elimination affecting survival of the males (Table 3, Table 4). The lack of an effect of 377 

Haemoproteus pallidus parasites on the survival of the males together with the fact that most 378 

males that apparently lost infection were detected to be infected in the following year (Table 379 

5) suggest that these parasites might have a rather low virulence and complete elimination of 380 

these parasites might be too costly. 381 

To summarize, we found that the disappearance of Haemoproteus pallidus infections from 382 

the bloodstream was related to the time elapsed between sampling dates. Moreover, most 383 

males from whose bloodstream parasites have disappeared within a season had detectable 384 

Haemoproteus pallidus infection in the next year. These findings suggest that change in 385 

infection status within individual birds was either a coincidence with the beginning of the 386 

latent phase in the parasite life-cycle or this may have been due to an alleviation of the 387 

extreme energetic pressure after migration and courtship. This alleviation may have made it 388 

possible for many of the birds to systematically suppress their infections to an undetectable, 389 

latent state. Our results on the rapid and systematic change in Haemoproteus pallidus 390 

infection status draw the attention to the importance of estimating infection status multiple 391 

times even within a season, if one aims to learn the evolutionary and ecological consequences 392 
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of parasite infection. This would even be more important in case of migratory species where 393 

parasite burden may change substantially as they are exposed to different species at the 394 

wintering site, migratory routes and breeding sites.  395 

 396 
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Figure 1. 550 

Change in Haemoproteus pallidus infection status in relation to the time elapsed between 551 

sampling dates at courting and nestling rearing. Mean ± SE are indicated. 552 
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Table 1.  Prevalence of different parasite lineages during courting and chick rearing  

 

Parasite lineages GenBank accession 

No.s 

Prevalence 

during courtship         

(2005-2010)  

Prevalence 

during nestling rearing        

(2005-2010)  

H-COLL2 FJ355915 37.5 10.0 

H-PFC1 KM361488 0.9  

H-COLL3 DQ067581 1.9 3.3 

P-AEMO01 KJ461763  0.8 

P-BUL07 EU810628 0.5  

P-COLL4 KC867664 0.5  

P-COLL7 DQ368376 1.4 1.7 

P-GRW09 DQ060773 1.4 0.8 

P-GRW11 AY831748 0.5  

P-PLOPR01 DQ659575 0.5  

P-RFF1 DQ847264 0.5 0.8 

P-TERUF02 EU810618 0.5  

P-WW4 DQ659578 0.5 0.8 

mixed infection  1.9 1.7 
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Table 2. Predictors of Haemoproteus pallidus infection at courtship and change in infection status. Significant variables retained in the final 

model are in bold. Values indicated for non-significant terms are derived from the last model in which the given variable was included during the 

backward stepwise model selection. 

 

 Infection at courtship Change in infection status 

 F df p F df p 

Age 3.79 1, 191 0.051 0.19 1, 40 0.662 

Tarsus 0.00 1,175 0.993 0.26 1, 34 0.607 

Wing patch size 0.47 1,187 0.495 0.52 1, 36 0.471 

Forehead patch size 1.28 1, 189 0.257 0.23 1, 37 0.629 

Relative arrival date 0.12 1, 177 0.725 0.41 1, 38 0.524 

Year 0.77 4, 183 0.544 1.66 4, 42 0.155 

Time between courtship and nestling feeding    3.76 1, 46 0.052 

Change in body mass    1.64 1, 41 0.200 
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Table 3. The relationship between Haemoproteus pallidus infection status at courtship, breeding probability, time of mating, clutch size and 

survival. Significant variables retained in the final model are in bold. Values indicated for non-significant terms are derived from the last model, 

in which the given variable was included during the backward stepwise model selection.  

 

 Breeding probability Time of mating Clutch size Survival 

 F df p F df p F df p F df p 

Age 2.70 1, 181 0.101 6.79 1, 96 0.016 1.32 1, 95 0.253 0.15 1, 190 0.701 

Tarsus 0.94 1, 178 0.332 1.25 1, 88 0.267 0.38 1, 89 0.537 0.00 1, 180 0.947 

Wing patch size 0.12 1, 176 0.733 1.24 1, 90 0.268 0.07 1, 87 0.793 0.07 1, 183 0.789 

Forehead patch size 0.17 1, 175 0.679 0.36 1, 87 0.553 0.18 1, 88 0.673 0.28 1, 185 0.594 

Infection status at courtship 0.03 1, 174 0.870 2.71 1, 95 0.103 1.81 1, 96 0.182 0.04 1, 182 0.841 

Year 3.84 1, 182 0.050 1.44 4, 91 0.226 1.09 4, 91 0.368 0.77 4, 186 0.545 

Relative arrival date 4.61 4, 182 0.001 19.51 1, 96 <0.001 17.35 1, 97 <0.001 0.00 1, 174 0.973 
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Table 4. The relationship between change in Haemoproteus pallidus infection status and time of mating, clutch size and survival. Only males 

that were infected at spring arrival were included in the analysis. Significant variables retained in the final model are in bold. Values indicated for 

non-significant terms are derived from the last model, in which the given variable was included during the backward stepwise model selection.  

 

 Time of mating Clutch size Survival 

 F df p F df p F df p 

Age 0.00 1, 34 0.993 1.42 1, 42 0.240 0.09 1, 37 0.760 

Tarsus 1.62 1, 36 0.212 0.26 1, 34 0.613 0.08 1, 40 0.777 

Wing patch size 1.16 1, 35 0.289 0.28 1, 36 0.598 0.13 1, 46 0.723 

Forehead patch size 3.35 1, 39 0.075 0.06 1, 33 0.816 0.00 1, 36 0.961 

Change in infection status 2.03 1, 38 0.162 0.32 1, 41 0.575 0.00 1, 35 0.995 

Year 2.27 4, 40 0.078 0.66 4, 37 0.624 0.81 4, 42 0.518 

Relative arrival date 4.15 1, 44 0.048 5.01 1, 43 0.030 0.11 1, 38 0.744 
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Table 5. Infection status data of Collared Flycatcher males that were sampled in multiple years. Individuals that changed their H-COLL2 

infection status from courtship till nestling rearing in the first year of investigation are in bold. (Note that these males were included only once in 

the analyses and this table serves illustrative purposes.) 

Individual id. 1st year courting 1st year breeding 2nd year courting 2nd year breeding 4th year courting 4th year breeding 

1 uninfected uninfected uninfected uninfected   

2 H-Coll2 uninfected   H-Coll2 did not breed 

3 H-Coll2 did not breed P-GRW9 did not breed   

4 H-Coll2 uninfected uninfected did not breed   

5 H-Coll2 uninfected H-Coll2 did not breed   

6 H-Coll2 uninfected P-Coll12 P-Coll12   

7 uninfected did not breed H-Coll2 uninfected   

8 H-Coll2 uninfected H-Coll2 uninfected   

9 H-Coll2 did not breed H-Coll2 did not breed   

10 uninfected did not breed uninfected did not breed   

11 uninfected uninfected uninfected uninfected   

12 H-Coll2 uninfected H-Coll2 H-PFC1   

13 H-Coll2 uninfected H-Coll2 uninfected   

14 uninfected uninfected uninfected did not breed   

15 uninfected did not breed uninfected did not breed   

16 uninfected did not breed uninfected uninfected   

 


