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Abstract

Long-distance migrations influence the physiology, behavior, and fitness of migratory animals

throughout their annual cycles, and fundamentally alter their interactions with parasites. Sev-

eral hypotheses relating migratory behavior to the likelihood of parasitism have entered the lit-

erature, making conflicting, testable predictions. To assess how migratory behavior of hosts is

associated with parasitism, we compared haemosporidian parasite infections between two

closely related populations of a common North American sparrow, the dark-eyed junco, that

co-occur in shared habitats during the non-breeding season. One population is sedentary and

winters and breeds in the Appalachian Mountains. The other population is migratory and is

found in seasonal sympatry with the sedentary population from October through April, but

then flies (� 900 km) northwards to breed. The populations were sampled in the wild on the

shared montane habitat at the beginning of winter and again after confining them in a captive

common environment until the spring. We found significantly higher prevalence of haemos-

poridian parasite infections in the sedentary population. Among infected juncos, we found no

difference in parasite densities (parasitemias) between the sedentary and migrant populations

and no evidence for winter dormancy of the parasites. Our results suggest that long-distance

migration may reduce the prevalence of parasite infections at the population level. Our results

are inconsistent with the migratory exposure hypothesis, which posits that long-distance

migration increases exposure of hosts to diverse parasites, and with the migratory susceptibil-

ity hypothesis, which posits that trade-offs between immune function and migration increase

host susceptibility to parasites. However, our results are consistent with the migratory culling

hypothesis, which posits that heavily infected animals are less likely to survive long-distance

migration, and with the migratory escape hypothesis, which posits that long-distance migra-

tion allows host populations to seasonally escape areas of high infection risk.
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Introduction

Long-distance migration is found in all major animal groups [1]. Animals likely evolved long-

distance migration to track seasonal resources (reviewed in [2]), avoid harsh environmental

conditions, and/or reduce predation risk [3]. Regardless of their evolutionary origins, long-dis-

tance migrations influence the physiology, behavior, and fitness of migratory animals through-

out their annual cycles, and fundamentally alter their interactions with pathogens and

parasites. As migratory animals move seasonally across the landscape, entirely new spatial and

temporal dynamics emerge with respect to host-parasite interactions. This adds complexity to

our theoretical frameworks and empirical characterizations of critically important topics in

both disease ecology and host-parasite coevolution. In the present study, we leveraged intra-

specific variation in migratory strategies to examine how the migratory behavior of animal

hosts relates to the prevalence, intensity, and diversity of their parasites, and to the timing of

parasite life cycles.

Several non-mutually exclusive hypotheses have been put forth to predict the association

between long-distance host migratory behavior and the dynamics of parasite infections,

including their prevalence, diversity, and virulence (reviewed in [4]). According to the migra-

tory culling hypothesis, heavily infected animals are less likely to survive the physiological

stresses of long-distance migration [5]. Consequently, infected animals are predicted to be

culled from host populations via natural selection. The migratory escape hypothesis posits that

long-distance migration allows host populations to seasonally escape areas that have become

heavily infested with parasites [6]. Hence the migratory culling hypothesis and the migratory

escape hypothesis both predict that parasite prevalence should be higher in sedentary host

populations than in closely related migratory host populations. This prediction has received

some empirical support from studies on both migratory vertebrates and invertebrates [7–9].

On the other hand, the migratory exposure hypothesis postulates that migrating through

multiple different habitats increases parasite exposure in migratory animals. Migratory ani-

mals may be exposed to different parasites at their breeding grounds, stopover sites, and win-

tering grounds, and consequently accumulate a higher prevalence and diversity of parasites

than sedentary animals [10]. Furthermore, the migratory susceptibility hypothesis suggests

that trade-offs between migration and immunity could increase the susceptibility of migrants

to acquiring new infections during the course of migration, leading to an even higher preva-

lence of parasites in migrants relative to sedentary animals (reviewed in [11]). See Table 1 for a

summary of hypotheses and predictions about how long-distance host migration should be

associated with parasite prevalence.

In support of the migratory exposure hypothesis, several studies have found that migratory

species of birds harbor a higher diversity of parasites relative to non-migratory species [12–

15]. While such among-species comparisons suggest that host migration may increase expo-

sure to parasites and infection risk, fewer studies have made comparisons within vertebrate

species, where the interpretive challenges of phylogenetic history and host-specificity should

be minimized. In the only published study that we are aware of comparing parasite prevalence

with migratory propensity within a vertebrate host species, Kelly, MacGillivray [16] found a

higher prevalence of haematozoan parasite infections in adult long-distance migrant song

sparrows Melospiza melodia relative to conspecifics that migrated shorter distances. More

research is needed to assess how migratory behavior is associated with parasitism among

closely related populations within vertebrate species. In the present study, we compared hae-

mosporidian parasite infections in a sedentary songbird population versus a closely related

conspecific migrant population. Haemosporidians are protozoan parasites that infect verte-

brate red blood cells and are transmitted by dipteran insect vectors. Haemosporidians include
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the malaria-causing genus Plasmodium. Avian haemosporidian parasites can be pathogenic in

wild populations (e.g. [17–19]). Haemosporidian parasites have been studied extensively in

avian populations, and serve as a model for the study of ecological and evolutionary dynamics

of host-parasite interactions (reviewed in [17]). We assess how host migratory strategies are

associated with the prevalence and intensity (objective 1), and the timing of seasonal dor-

mancy (objective 2) of haemosporidian parasites.

Objective 1: Association between host migration and infection prevalence

and parasitemia

Our first objective was to explore how variation in host migratory behavior is associated with

the prevalence and parasitemia of a widespread and diverse class of parasites, the haemospori-

dia, that infect a common songbird host, the dark-eyed junco (Junco hyemalis). Specifically, we

compared haemosporidian parasite infections in the bloodstream, during seasonal sympatry,

between a sedentary junco population and a closely related migrant junco population that

share wintering grounds in Virginia, USA. Based on the migratory culling hypothesis and the

migratory escape hypothesis, we predicted that the prevalence and/or parasitemia of haemos-

poridian parasite infections would be higher in the sedentary junco population than in the

migrant population (Table 1). Alternatively, based on the migratory exposure hypothesis and

the migratory susceptibility hypothesis, we predicted that the prevalence and/or parasitemia of

haemosporidian parasites would be higher in the migrant population than the sedentary popu-

lation (Table 1).

Objective 2: Measuring seasonality in the parasite lifecycle

In temperate climates, some avian haemosporidian parasites alternate between an active stage

in the spring and summer, during which the parasites grow and replicate and produce trans-

missible life stages in the bloodstream of their host, and a dormant stage in the winter during

which the parasites sequester in the host organs (reviewed in [17]). Thus, our second objective

was to examine whether haemosporidian parasites in our study system exhibit this seasonal

pattern. We predicted that prevalence and parasitemia of parasites detectable in the host blood

stream would be lower during the winter (when parasites were dormant in the host organs)

and would increase in the spring (when parasites re-emerged and started replicating in the

host blood stream). We tested these predictions by measuring haemosporidian prevalence and

parasitemia in blood samples collected from juncos from both populations during the winter

(December) and spring (early March and late March).

Materials and methods

Study system

We compared haemosporidian parasite infections between two populations of dark-eyed

junco hosts that share wintering habitat at the Mountain Lake Biological Station in Pembroke,

Table 1. A summary of the hypotheses and predictions discussed in the present study.

Hypothesis Predicted parasite prevalence and diversity

Migratory culling Sedentary prevalence > Migrant prevalence

Migratory escape Sedentary prevalence > Migrant prevalence

Migratory exposure/Migratory susceptibility Migrant prevalence > Sedentary prevalence

Migratory exposure/Migratory susceptibility Migrant parasite diversity > Sedentary parasite diversity

https://doi.org/10.1371/journal.pone.0201563.t001
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VA (37.37˚N, 80.52˚W). Juncos in one of the populations (the sedentary population, Junco
hyemalis carolinensis) are generally year-round residents, breeding in Virginia during the

spring and summer, with most individuals remaining near their territories during the non-

breeding season [20]. In contrast, the other population (the migrant population, Junco hyema-
lis hyemalis) co-occurs with J. h. carolinensis in Virginia during the non-breeding season, but

migrates northwards (� 900 km to Canada, Northern New England, and/or Alaska) to breed

[20, 21]. The sedentary and migrant junco subspecies are thought to have diverged within the

last 15,000 years, since the last major glaciation [22]. Our field site in Virginia lies far South of

the breeding range of the migratory subspecies [20], and the sedentary and migrant junco sub-

species have never been observed to hybridize at our field site, despite extensive, long-term

monitoring efforts.

Bird capture, and sampling in the field

The details of the capture and housing methods used in this study have been described previ-

ously [23]. Briefly, sedentary (Junco hyemalis carolinensis, n = 19) and migrant (Junco hyemalis
hyemalis, n = 18) male juncos were captured from 4–12 December 2013, at the Mountain Lake

Biological Station in Giles County, Virginia (37.37˚N, 80.52˚W). Juncos were captured in

mist-nets and potter traps baited with cracked corn and millet. Population status (sedentary or

migrant) was determined based on bill coloration, plumage, and wing chord [20]. Age class

was determined for each bird based on wing plumage color [20], and the distribution of ages

of the juncos in this study were selected to be balanced across populations. At the time of cap-

ture, a blood sample was collected by pricking the brachial vein with a sterile needle. For blood

DNA samples collected in the field in December, about 150 μl of blood was collected into a

microcapillary tube and was stored in a buffer preservative (Longmire’s solution) at 4˚C until

the DNA was extracted.

Housing and sampling of birds during the captivity experiment

After capture, birds were housed briefly (1–10 days) in identical outdoor aviaries at the Moun-

tain Lake Biological Station. On December 14, birds were transported to Bloomington, Indi-

ana, where they were brought into an indoor aviary environment until they were resampled in

early and late March. The purpose of resampling the juncos in captivity in the spring was to

test the hypothesis that haemosporidian parasites go dormant in the host organs during the

winter and re-emerge and start replicating in the host bloodstream during the spring. Because

haemosporidian parasites are obligately vector-transmitted, and because there were no vectors

in our indoor aviary environment, we assume that there was no transmission of haemospori-

dian parasites among juncos while they were in captivity.

In the indoor aviary environment, birds were fed ad libitum, and maintained on a photope-

riod that was advanced every three days to match the natural photoperiod at their capture site

(Mountain Lake Biological Station, VA, 37.37˚N, 80.52˚W). They were housed in all-male,

mixed-population flocks with equal numbers of migrants and sedentary birds until February

27, when they were individually housed in cages in seven replicate rooms. Each room housed 3

migrants and 3 sedentary birds. The temperature was maintained at 16˚ ± 2˚ C [23]. Blood

DNA samples for measuring haemosporidian parasites were collected again from each bird in

early March (March 4–5), and again in late March (March 25–27). After collection of blood

from the birds in captivity, plasma was separated from the red blood cells by centrifugation,

the plasma (supernatant) was removed from the tube with a sterile Hamilton syringe, and the

red blood cells were stored at -20˚ C until the DNA was extracted.

Long-distance migration is associated with reduced blood parasitism in a songbird host
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Metyrapone implant treatments

For the purposes of another experiment (unpublished), unrelated to the research goals of the

present study, we implanted half the birds with metyrapone, a drug that blocks the production

of glucocorticoids. Our first two parasite sampling time points (December and early March)

were prior to metyrapone treatment, while our final parasite sampling time point (late March)

was post-metyrapone treatment. We found no effect of metyrapone on haemosporidian preva-

lence, or on any physiological parameter we measured, so we pooled metyrapone implant

treatment birds with control birds for all analyses presented in this study (see Supporting

Information for details on metyrapone treatment).

Measuring haemosporidian parasite infection

DNA extractions. Genomic DNA (gDNA) was extracted from blood, using IBI Scientific

MINI Genomic DNA kits (IB46701). For the December samples, about 100 μL of avian blood/

Longmire’s solution from each sample was used for the DNA extractions. For the early March

and late March samples, about 32.5 μl of red blood cells (after plasma had been removed) was

used for the DNA extractions. gDNA was measured with a NanoDrop spectrophotometer

(Take 3) and samples with insufficient quality or concentration of DNA were re-extracted

prior to measuring haemosporidian infections.

Quantitative PCR to determine parasitemia and prevalence. We used a quantitative

PCR (qPCR) to estimate the prevalence of haemosporidian parasite infections in the host pop-

ulations, and the relative abundance (parasitemia) of haemosporidian parasites in the blood

samples of infected birds [24]. Parasitemia levels may be predictive of the degree of pathology

haemosporidian parasites are likely to cause in birds, as wild birds with higher parasitemias of

some haemosporidian parasite lineages have been shown to experience greater reproductive

and survival costs relative to birds with lower parasitemias [25]. We used the primers L9 5’-A
AA-CAATTCCTAACAAAACAGC-3’ and NewR 5’ACATCCAATCCATAATAAAGCA-3’
[24], which target a 188-bp region of the cytochrome b (cyt b) gene. qPCR estimates of parasi-

temia using these primers were previously shown to be strongly positively correlated with Plas-
modium infection status determined by a restriction enzyme-based assay [24, 26]. Our primers

L9 and NewR are reported to be Plasmodium-specific, and in a previous study showed no asso-

ciation with Leucocytozoon diagnosis based on microscopy [24]. As far as we are aware, the

sensitivity of L9 and NewR to Haemoproteus has not been tested.

To create the template for the standard curve, the full length haemosporidian cyt b gene

from a positive sample was amplified using the primers DW2 5’-TAATGCCTAGACGTAT
TCCTGATTATCCAG-3’and DW4 5’-TGTTTGCTTGGGAGCTGTAATCATAATGTG-3’ [27].

The amplicon (1356 bp) was purified, quantified, and the copy number was estimated. Serial

dilutions over six orders of magnitude of this DNA were then used on each qPCR plate to cre-

ate a standard curve.

DNA for qPCR was quantified using Qubit1 2.0 Fluorometer and diluted to a working

concentration of 2ng/μl (10 ng of DNA was used per reaction). The qPCR absolute quantifica-

tion experiment was done on Applied Biosystems1 7500 Real-Time PCR system (Life Tech-

nologies, CA, USA) using Power SYBR1 Green PCR Master Mix (Life Technologies, CA,

USA).

Each reaction was run in triplicate and parasite number (i.e. the number of haemosporidian

cyt b gene copies per 10 ng of total DNA (host + parasite)) was estimated by calculating the

mean value for the triplicate. Our qPCR estimates were not used to estimate the absolute num-

ber of parasites per bird. However, we did use our qPCR estimates to compare the relative

parasitemias of haemosporidian parasites among samples. All dissociation curves were
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PLOS ONE | https://doi.org/10.1371/journal.pone.0201563 August 22, 2018 5 / 18

https://doi.org/10.1371/journal.pone.0201563


examined for the presence of nonspecific amplification or primer dimer formation. None was

detected.

For the purposes of determining infection prevalence, we scored each bird with a qPCR

haemosporidian copy estimate of zero as uninfected, and we scored any bird with a positive

(non-zero) haemosporidian copy estimate as infected. Infection prevalence was also estimated

using nested PCR (see below). Here we report both the infection prevalence results based on

qPCR and the infection prevalence results based on nested PCR. Our prevalence estimates

based on both methods were qualitatively similar. We only included birds for which we had

parasitemia data at all three sampling time points in our analyses (i.e. we did not include birds

with missing data). There were 18 migrant juncos and 19 sedentary juncos included in our sta-

tistical analyses of prevalence and parasitemia.

Nested PCR and sequencing to determine parasite infection prevalence, and parasite

identities and evolutionary relationships. The concentration of DNA in the final extracted

samples used for nested PCR ranged from 20.6–255.3 ng/μl. Haemosporidian infection was

determined by amplifying the haemosporidian parasite cyt b gene using published nested poly-

merase chain reaction (PCR) protocols [28]. Each gDNA sample was screened for the presence

of Plasmodium and Haemoproteus parasites using the external PCR primers HAEMNF and

HAEMNR2 followed by the nested or internal primers HAEMF and HAEMR2 (Waldenström

et al. 2004). To verify infection status of each sample, PCR was independently run twice per

sample, followed by gel electrophoresis of the PCR products. A negative control (water and

PCR reagents with no DNA template) was also run to confirm that there was no contamina-

tion of haemosporidian DNA in the PCR reagents. Gels were scored treatment blind by RDM

and SPS to determine haemosporidian infection status and infection prevalence within each

population. A sample was considered positive (infected) if there was a visible band (at 478bp)

on at least one of the gel runs. Nested PCR products from positive samples were sequenced

using Sanger sequencing at the Western South Dakota DNA Core Facility at Black Hills State

University (BigDye v3.1 Cycle Sequencing; ABI3130 series Genetic Analyzer). Using

Sequencher v5.4.6 software, the forward and reverse sequences were manually trimmed at 5’

and 3’ ends for poor quality base calls and assembled automatically to form a contiguous

sequence for each sample’s PCR product. Any remaining ambiguous base calls were resolved

manually. Ten sequences did not have good quality complimentary sequences on the ends and

could not form contigs. These were trimmed at the ends in Sequencher to include in the proj-

ect with the aligned sequences.

Reconstructing parasite phylogenies from parasite sequence data. Haemosporidian

parasite sequences were aligned in Molecular Evolutionary Genetics Analysis Version 7.0

(MEGA7) [29] using the ClustalW method. Following alignment, sequences were trimmed

manually. The phylogeny of the parasites was inferred in MEGA using the Maximum Likeli-

hood method based on the Tamura-Nei model [30]. Initially, a phylogenetic tree was recon-

structed using the parasite sequences from all the infected juncos in the present study as well

as parasite sequences from all of the described haemosporidian morphospecies on the MalAvi

database [31]. Subsequently, we removed the sequences of all the morphospecies in the MalAvi

database, except for the morphospecies which most closely matched the parasite sequences

from the juncos in our study, which we retained for phylogenetic reference. The tree with the

highest log likelihood (-907.1152) is shown (Fig 1). Initial tree(s) for the heuristic search were

obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pair-

wise distances estimated using the Maximum Composite Likelihood (MCL) approach, and

then selecting the topology with superior log likelihood value. The tree is drawn to scale, with

branch lengths measured in the number of substitutions per site. The analysis involved 31
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nucleotide sequences. Codon positions included were 1st+2nd+3rd. All positions containing

missing data were eliminated. There was a total of 320 positions in the final dataset.

Statistical methods

95% binomial confidence intervals around infection prevalence estimates, for visualization on

our figures, were computed using the online statistical calculator JavaStat http://statpages.info/

confint.html. Phylogenetic analyses were performed in MEGA7. All other statistical tests were

run in SPSS version 24.

Comparing haemosporidian prevalence between populations (objective 1) and among

sampling time points (objective 2). We used a generalized estimating equation (GEE) with

United States Fish and Wildlife Service (USFW) bird band number (i.e. individual identity) as

a subject variable, time point (December, early March, or late March) as a within-subject’s var-

iable, population (sedentary or migrant) and age class (first year or after first year) as between-

subjects variables. In one analysis, we used qPCR infection status (positive or negative) as our

Fig 1. A maximum likelihood phylogeny of the haemosporidian parasites. The phylogeny is based on sequences

from samples collected in December. Branch tips with filled boxes represent parasites sequenced from sedentary junco

blood samples. Branch tips with unfilled boxes represent parasites sequenced from migrant junco blood samples.

Numbers represent individual blood sample IDs. Horizontal branch length represents phylogenetic distance

(substitutions/site). For reference, the parasite sequences from the described morphospecies on the MalAvi data base

that most closely matched each parasite lineage in our phylogeny are included in the phylogenetic tree.

https://doi.org/10.1371/journal.pone.0201563.g001
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dependent variable. In a separate analysis, we used nested PCR infection status (positive or

negative) as our dependent variable. We used a robust estimator for the covariance matrix

with an exchangeable working correlation matrix structure, and we used a binary logistic

regression for the type of model. We found no significant effect of age on haemosporidian

infection status (in the qPCR analysis P = 0.175, in the nested PCR analysis P = 0.118), so we

removed age from the model and report the results from analyses in which age was not

included in the model. In the qPCR analysis goodness of fit QIC = 138.1. In the nested PCR

analysis goodness of fit QIC = 134.2.

Post hoc tests. Because we found significant effects of population and of sampling time

point on haemosporidian infection prevalence in the overall GEE models, we used post-hoc

tests in the GEE models to assess whether there was a significant difference between infection

prevalence in the sedentary versus migrant populations within each of the three sampling time

points, and to test for differences in haemosporidian infection prevalence across all time point

pairwise comparisons.

Comparing haemosporidian parasitemias between populations (objective 1). We used

a Mann-Whitney U test to determine whether average parasitemias differed between the sed-

entary and the migrant junco populations. For this analysis, we averaged the parasitemia score

for each bird across the three sampling time points. Because we wanted to assess whether pop-

ulation was associated with parasitemias within infected birds, we excluded all the birds from

both populations that were uninfected throughout the entire study from this analysis (i.e. we

excluded all the birds with an average parasitemia of zero). By excluding uninfected birds, we

reduced the sample size for this analysis from 19 sedentary juncos and 18 migrant juncos (all

the juncos in the study) to 17 sedentary juncos and 9 migrant juncos (only the infected juncos

in the study).

Research ethics statement

All procedures involving live animals were approved by the Indiana University Institutional

Animal Care and Use Committee and conducted under scientific collecting permits issued by

the Virginia Department of Game and Inland Fisheries (permit 47553) and the US Fish and

Wildlife Service (permit MB093279).

Results

Comparisons of parasite prevalence between populations (objective 1) and

sampling time points (objective 2)

In the qPCR analysis, in the model including all three time points, haemosporidian infection

prevalence was significantly higher in the sedentary population than in the migrant population

(Generalized Estimating Equation, Wald Chi-Square1 = 8.666, P = 0.003, Fig 2A). We also

found a significant effect of time point on infection prevalence (Wald Chi-Square2 = 7.562,

P = 0.023, Fig 2A). We found no significant interactions between sampling time point and

population (Wald Chi-Square2 = 0.953, P = 0.621). Post hoc tests analyzing infection data

from each time point individually revealed that the sedentary population exhibited a signifi-

cantly higher infection prevalence than the migrant population at each of the three sampling

time points: December (P = 0.007), early March (P = 0.001), and late March (P = 0.007) (Fig

2A). Furthermore, post hoc tests also revealed that infection prevalence did not significantly

change from December to early March in the sedentary population (P = 0.135) or the migrant

population (P = 0.560). There was a significant decrease in infection prevalence from early

March to late March in the sedentary population (P = 0.024) and a marginally significant

Long-distance migration is associated with reduced blood parasitism in a songbird host
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decrease in infection prevalence from early March to late March in the migrant population

(P = 0.058) (Fig 2A). Overall, the infection prevalence did not change significantly from the

beginning of the study (December) to the end of the study (late March) in the sedentary

(P = 0.304) or the migrant (P = 0.303) population.

Fig 2. Haemosporidian infection prevalence in the blood. Prevalence estimates are based on qPCR (A) or nested

PCR (B), in the sedentary population (filled bars, n = 19) and the migrant population (unfilled bars, n = 18). Error bars

represent 95% binomial confidence intervals. Asterisks between filled and unfilled bars indicate significant differences

between populations at each time point (� = p< 0.05, �� = p< 0.01). Brackets (top) indicate within-population cross

time point comparisons where infection prevalences differed significantly (no brackets shown where infection

prevalences did not differ across time points).

https://doi.org/10.1371/journal.pone.0201563.g002
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In the nested PCR analysis, in the model including all three time points, haemosporidian

infection prevalence was significantly higher in the sedentary population than in the migrant

population (Generalized Estimating Equation, Wald Chi-Square1 = 4.364, P = 0.037, Fig 2B).

We found no significant effect of time point on infection prevalence (Wald Chi-Square2 =

4.560, P = 0.102, Fig 2B). We found a marginally significant interaction between sampling

time point and population (Wald Chi-Square2 = 6.210, P = 0.045). Post hoc tests analyzing

infection data from each time point individually revealed that the sedentary population exhib-

ited a significantly higher infection prevalence than the migrant population in December

(P = 0.004) and early March (P = 0.007), but there was no difference in infection prevalence

between the two populations in late March (P = 0.633) (Fig 2B). Furthermore, post hoc tests

also revealed that infection prevalence did not significantly change from December to early

March in the sedentary population (P = 0.135) or the migrant population (P = 0.134). There

was no significant change in infection prevalence from early March to late March in the seden-

tary population (P = 1.0) but there was a significant increase in infection prevalence from early

March to late March in the migrant population (P = 0.003) (Fig 2B). Overall, the infection

prevalence did not change significantly from the beginning of the study (December) to the end

of the study (late March) in the sedentary population (P = 0.135) but did significantly increase

in the migrant population (P = 0.023). The parasitemias of individual juncos over time can be

visualized in Fig 3.

Fig 3. Haemosporidian parasitemias of individual juncos. Haemosporidian parasitemias (the number of

haemosporidian cyt b gene copies per 10 ng of total DNA (host + parasite), as determined by qPCR) in the

bloodstream of individual sedentary (panel A, n = 19) and migrant (panel B, n = 18) juncos across time points. Each

colored line represents an individual junco. Overlapping lines representing uninfected birds are stacked on top of each

other at the bottom for visualization.

https://doi.org/10.1371/journal.pone.0201563.g003
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Relationship between host population and parasitemias of infected birds

When considering only birds that were infected during at least one sampling time point during

the study (average parasitemia > 0), we found no difference between the medians of the aver-

age parasitemia (averaged across the three sampling time points in the study) in the sedentary

versus the migrant population (U = 77, z = 0.027, p = 1.0, Fig 4).

Community composition of the haemosporidian parasites

We considered parasite cyt b sequences to belong to different lineages when they differed by at

least one base pair. We detected five distinct haemosporidian parasite lineages (sequenced

from 17 infected birds) in the sedentary population. We detected four distinct haemosporidian

lineages (sequenced from eight infected birds) in the migrant population. One lineage

(SEIAUR01; Plasmodium cathemerium) was detected in both populations and was also the

most prevalent lineage detected within each population. All of the lineages detected within the

sedentary population belonged to the genus Plasmodium. The genera Plasmodium, Haemopro-
teus, and Leucocytozoon were all detected in the migrant population.

Discussion

Objective 1: Association between host migration and infection prevalence

and parasitemia

We found that a sedentary population of dark-eyed juncos maintains a higher prevalence of

haemosporidian parasite infections, relative to a closely related conspecific migrant popula-

tion, both when sampled during seasonal sympatry on shared wintering grounds in the Appa-

lachian Mountains of Virginia (December), and again at two early spring time points (early

Fig 4. Boxplot of mean parasitemias. The mean parasitemias (the number of haemosporidian cyt b gene copies per

10 ng of total DNA (host + parasite), as determined by qPCR, averaged across the three sampling time points:

December, early March, and late March) of sedentary (filled, n = 17) juncos and migrant (unfilled, n = 9) juncos. Only

infected juncos were included in this analysis. The horizontal lines inside the boxes represent the sample medians. The

length of the box represents the interquartile range. Whiskers span all the data except for statistical outliers. Statistical

outliers are points that are at least 1.5 box lengths away from the edge of the box.

https://doi.org/10.1371/journal.pone.0201563.g004
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March and late March) during study in a captive common environment. Among infected jun-

cos, we found no difference between the parasitemias circulating in the bloodstream of seden-

tary versus migrant juncos. These results are consistent with the migratory culling hypothesis

and with the migratory escape hypothesis and suggest that long-distance migration may

reduce the prevalence of haemosporidian parasites in birds. The higher prevalence of parasites

that we observed in sedentary hosts is also consistent with previous empirical research showing

that migration is associated with reduced parasitism in monarch butterflies [8, 9] and galaxiid

fishes [7].

On the other hand, previous research in another avian blood-parasite system demonstrated

a very different relationship between host migration and parasitism. Kelly, MacGillivray [16]

found that longer-distance adult song sparrow migrants were more likely, on average, to be

infected with blood-borne parasites (primarily Plasmodium, Haemoproteus, and Leucocyto-
zoon) than sparrows that migrated shorter distances. It is unclear why we found that long-dis-

tance migration is associated with reduced parasitism in juncos, while Kelly, MacGillivray [16]

found the opposite pattern in a closely related host. Future research should investigate why the

association between long-distance migration and parasitism differs across study systems and

ecological contexts.

Migratory culling and migratory escape are non-mutually exclusive mechanisms that each

could explain the reduced prevalence of haemosporidian parasites that we observed in migrant

juncos. Within our data set, it is not possible to eliminate either of these potential mechanisms.

Future research should assess the possible contributions of each mechanism to the population

difference that we observed by testing additional predictions made by the migratory culling

and migratory escape hypotheses. For example, the migratory culling hypothesis predicts that

parasites reduce flight performance and/or increase the costs of long-distance flight. This pre-

diction has received support in butterflies infected with a protozoan parasite [5], but did not

receive support in a study of great reed warblers infected with Plasmodium parasites [32]. A

comparison of the seasonal density profiles of (infected) vectors at the breeding site for seden-

tary juncos (Mountain Lake Biological Station in Virginia) versus at breeding sites for migrant

juncos (in Alaska, Canada, and/or Northern New England) could provide a more direct test

for the migratory escape hypothesis, as the migratory escape hypothesis predicts that migrant

birds should experience reduced haemosporidian parasite exposure at their breeding grounds

relative to sedentary birds.

We reject migratory exposure and migratory susceptibility as primary drivers of variation

in infection prevalence between our study populations. The migratory exposure hypothesis

and the migratory susceptibility hypothesis predict that sedentary host populations should

exhibit lower parasite infection prevalence relative to closely related migrant populations.

Therefore, our observation that a sedentary host population exhibited a higher prevalence of

haemosporidian parasite infections directly contradicts a key prediction of these hypotheses.

Our analysis of infection prevalence based on qPCR produced qualitatively similar results

in December and early March to our analysis based on nested PCR (Fig 2). In both analyses

sedentary birds exhibited higher infection prevalence than migratory birds in December and

early March. However, our analyses of infection prevalence produced qualitatively different

results in late March. Our qPCR results suggest that the sedentary population maintained a sig-

nificantly higher haemosporidian infection prevalence than the migratory population in late

March. However, our nested PCR results suggest that the infection prevalence in the migratory

population increased between early March and late March, resulting in no significant popula-

tion difference in infection prevalence in late March. We do not know why our metrics of

infection prevalence produced different results in late March. Perhaps differences in the sensi-

tivity and/or specificity of the qPCR and nested PCR primers could explain this discrepancy in
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our results. The nested PCR primers we used are sensitive for detecting both Haemoproteus
and Plasmodium infections in avian blood [33]. The qPCR primers that we used are sensitive

for detecting Plasmodium but not Leucocytozoon infections, and the sensitivity of our qPCR

primers to Haemoproteus is unknown [24]. Overall, taking data from all three time points

together, both methods (qPCR and nested PCR) provided support for the prediction that sed-

entary juncos exhibit higher haemosporidian infection prevalence relative to migratory juncos

at our study site.

Community composition of the haemosporidian parasites

While five distinct haemosporidian lineages were detected in the sedentary population and

four distinct haemosporidian lineages were detected in the migrant population, one haemos-

poridian lineage (SEIAUR01; Plasmodium cathemerium) was dominant in both our sedentary

and migrant populations. This dominance of the same parasite lineage in both populations

suggests that haemosporidian transmission may occur between the sedentary and migrant

populations. Alternatively, it is possible that Plasmodium cathemerium was dominant in both

populations because it is a common and widespread lineage that was encountered and

acquired independently by the sedentary and migrant populations at their respective breeding

grounds. Sharing of haemosporidian parasite lineages between seasonally sympatric sedentary

and migratory host populations has been previously observed in other avian systems. Clark,

Clegg [34] found that some haemosporidian parasite lineages were shared between wintering

migrant and resident wading birds in Australia at their shared wintering grounds, suggesting

active transmission between migrants and residents. Ricklefs, Medeiros [35] found that para-

site lineage sharing was more likely to occur between sedentary and migrant birds sharing hab-

itat when the sedentary and migrant birds were more taxonomically similar.

Objective 2: Examining seasonality in the parasite lifecycle

Contrary to our expectations, we found no evidence for winter dormancy of the haemospori-

dian parasites. A substantial prevalence of haemosporidian parasite infections was detectable

(via qPCR and nested PCR methodology) in the blood stream in midwinter (December) in

both host populations, suggesting that haemosporidian parasites do not markedly sequester

and go dormant in the host organs in our study system. We found mixed evidence for a spring

re-emergence of haemosporidian parasites from the host organs into the host bloodstream in

the early or late March sampling points, as neither the prevalence nor parasitemia of haemos-

poridian infections increased over the course of the study in either population in our qPCR

analysis, however, in our nested PCR analysis infection prevalence increased over the course

of the study in the migrant but not in the sedentary population.

We propose three possible explanations for why we did not observe a detectable increase in

the prevalence or parasitemia of haemosporidian parasites in the bloodstream from December

to late March in our qPCR analysis, and for why we only detected an increased infection preva-

lence in the migrant but not in the sedentary population in our nested PCR analysis. First, it is

possible that the pattern of dormancy in the organs during the winter, followed by replication

in the bloodstream during the spring and summer, may not occur in our study populations.

The evidence for winter dormancy of haemosporidian parasites in temperate avian popula-

tions is mixed. Some previous studies have found a pattern of high levels of haemosporidians

circulating in the avian blood stream during the spring and summer, with low or undetectable

parasite levels during the winter [36–38], suggesting a pattern of winter dormancy. On the

other hand, another study found a high haemosporidian prevalence detectable in the blood-

stream of rusty blackbirds (Euphagus carolinus) during the winter in Mississippi and Arkansas,
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suggesting that winter dormancy of haemosporidian parasites may not occur in those popula-

tions [39]. Consistent with the Barnard, Mettke-Hofmann [39] study, our results suggest that

winter dormancy in the host organs may not occur in some temperate avian haemosporidian

populations.

Alternatively, while the high prevalence of infections that we measured in December clearly

demonstrates that haemosporidians are still circulating in the blood stream during the winter,

and are not completely sequestered in the host organs, it is still possible that haemosporidians

in our study system exhibit partial dormancy and sequestration in the organs. Therefore, we

propose that a second possible explanation for why we did not observe a stronger pattern of

seasonal increase in parasite prevalence or parasitemia over the course of our study is that not

all of the seasonal environmental cues required to induce spring re-emergence of haemospori-

dians into the host bloodstream were present in the indoor aviary environment where the jun-

cos were housed in our study. The juncos in our study experienced a lengthening photoperiod,

set to match the natural photoperiod at their capture site in Virginia. This lengthening photo-

period of the common aviary environment was previously shown to be a sufficient cue of sea-

sonal change to induce reproductive (physiological and behavioral) development in the

sedentary population [23]. However, a longer photoperiod than the birds experienced in late

March (the end of our study) may be required to induce the re-emergence of haemosporidians

into the blood stream. Alternatively, lengthening photoperiod may not be a sufficient environ-

mental cue, on its own, to induce parasites to re-emerge from dormancy in the host organs

and to start replicating in the bloodstream. In addition to photoperiodic cues, the activity and

replication of avian haemosporidian parasites may respond plastically to supplemental cues

such as changes in temperature, food availability, or exposure to vectors [40].

Finally, the effect of maintaining birds in an indoor aviary environment on haemosporidian

parasite infections is unknown. It is possible that the stress of being maintained in an indoor

aviary environment could lead to year-round chronic infection. To our knowledge, no previ-

ous studies have measured seasonal activity of avian haemosporidian parasites in a controlled

indoor aviary environment. Future research should manipulate photoperiod in combination

with manipulations in supplemental cues in a controlled indoor aviary environment to assess

whether lengthening photoperiod, supplemental cues, or a combination of lengthening photo-

period and supplemental cues can induce the re-emergence and replication of dormant hae-

mosporidian parasites.

Conclusions

In the present study, we provide evidence that sedentary juncos maintain a higher prevalence

(but not parasitemia) of haemosporidian parasite infections throughout the winter and early

spring relative to migrant juncos in a seasonally sympatric population. Our results suggest that

long-distance migration may reduce the prevalence of avian haemosporidian parasites, although

since we only compared 2 populations (one migratory and one sedentary) we cannot rule out

the possibility that ecological differences between the populations other than migration (e.g. sto-

chastic variation in abundance of parasites and/or vectors at the allopatric breeding grounds)

could explain the observed population differences in parasite prevalence. Migratory culling and

migratory escape are non-mutually exclusive alternative mechanisms that could potentially

explain the observed lower infection prevalence in migrants. We are unable to eliminate either

of these as potential mechanisms. We reject migratory exposure and migratory susceptibility as

primary mechanisms explaining differences in haemosporidian infection prevalence between

our study populations. Also, we found no evidence that haemosporidian parasites in our study

system exhibit dormancy and sequestration in the host organs during the winter. Future
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research should compare haemosporidian infections across more sedentary and migrant popu-

lations within a vertebrate host species, to assess whether migrant populations consistently

exhibit a lower infection prevalence, as we observed. Additionally, future research should com-

pare the diversity of parasites infecting sedentary versus migrant conspecific host populations to

test the Migratory Exposure hypothesis’ prediction that migrant host populations accumulate

more diverse parasite communities. Additionally, future research should measure the density of

(infected) vectors across the breeding and non-breeding ranges of sedentary and migrant popu-

lations to assess how long-distance migration affects exposure to haemosporidian parasites.

Finally, future research should assess whether female juncos, and juvenile juncos, exhibit the

same relationship between long-distance migration and parasitism that we observed in adult

males. Overall, our research suggests that long-distance migration may reduce parasitism in

migrating hosts.

Supporting information

S1 Text.

(DOCX)

S1 Fig.

(TIFF)

Acknowledgments

We thank J. Jones and T. McNamara for logistical support at the Mountain Lake Biological

Station. We thank M. Abolins-Abols, J. Graham, R. Hanauer, A. Kimmitt, K. Rosvall, and C.

Taylor for help collecting junco blood samples in the aviary, and A. Brothers and E. Snadjr for

helping collect birds in the field. We thank the Center for the Integrative Study of Animal

Behavior (CISAB) at Indiana University for use of their space and facilities for DNA extrac-

tions, and CISAB lab manager Christy Bergeon Burns for providing technical support for the

DNA extractions. We thank Nathan Fletcher for animal care at the Kent Farm aviary. We

thank Bingyue Li, Michael Frisby, Gabriel Carspecken, Chuwen Li, and the Indiana Statistical

Consulting Center for feedback and suggestions on our statistical analyses. We thank members

of the Ketterson lab for their feedback on our study design and analysis. We thank Farrah

Bashey, Erik Ragsdale, and Curt Lively for help analyzing the haemosporidian parasite

sequence data. We thank two anonymous reviewers for feedback on the manuscript.

Author Contributions

Conceptualization: Samuel P. Slowinski, Adam M. Fudickar, Ellen D. Ketterson, Jonathan W.

Atwell.

Formal analysis: Samuel P. Slowinski, Adam M. Fudickar.

Funding acquisition: Samuel P. Slowinski, Ellen D. Ketterson.

Investigation: Samuel P. Slowinski, Alex M. Hughes, Raeann D. Mettler, Oxana V. Gorba-

tenko, Jonathan W. Atwell.

Methodology: Samuel P. Slowinski, Adam M. Fudickar, Alex M. Hughes, Raeann D. Mettler,

Oxana V. Gorbatenko, Jonathan W. Atwell.

Supervision: Adam M. Fudickar, Garth M. Spellman, Ellen D. Ketterson, Jonathan W. Atwell.

Validation: Raeann D. Mettler, Oxana V. Gorbatenko.

Long-distance migration is associated with reduced blood parasitism in a songbird host

PLOS ONE | https://doi.org/10.1371/journal.pone.0201563 August 22, 2018 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201563.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201563.s002
https://doi.org/10.1371/journal.pone.0201563


Writing – original draft: Samuel P. Slowinski.

Writing – review & editing: Samuel P. Slowinski, Adam M. Fudickar, Alex M. Hughes,

Raeann D. Mettler, Oxana V. Gorbatenko, Garth M. Spellman, Ellen D. Ketterson, Jona-

than W. Atwell.

References
1. Dingle H, Drake VA. What is migration? BioScience. 2007; 57(2):113–21. https://doi.org/10.1641/

B570206

2. Alerstam T, Hedenström A, Åkesson S. Long-distance migration: evolution and determinants. Oikos.

2003; 103(2):247–60.

3. McKinnon L, Smith PA, Nol E, Martin JL, Doyle FI, Abraham KF, et al. Lower Predation Risk for Migra-

tory Birds at High Latitudes. Science. 2010; 327(5963):326–7. https://doi.org/10.1126/science.1183010

PMID: 20075251

4. Altizer S, Bartel R, Han BA. Animal migration and infectious disease risk. Science. 2011; 331

(6015):296–302. https://doi.org/10.1126/science.1194694 PubMed PMID: WOS:000286636300027.

PMID: 21252339

5. Bradley CA, Altizer S. Parasites hinder monarch butterfly flight: implications for disease spread in migra-

tory hosts. Ecology Letters. 2005; 8(3):290–300. https://doi.org/10.1111/j.1461-0248.2005.00722.x

PubMed PMID: WOS:000227249400007.

6. Loehle C. Social barriers to pathogen transmission in wild animal populations. Ecology. 1995; 76

(2):326–35. https://doi.org/10.2307/1941192 PubMed PMID: WOS:A1995QL93100001.

7. Poulin R, Closs GP, Lill AWT, Hicks AS, Herrmann KK, Kelly DW. Migration as an escape from parasit-

ism in New Zealand galaxiid fishes. Oecologia. 2012; 169(4):955–63. https://doi.org/10.1007/s00442-

012-2251-x PubMed PMID: WOS:000306494800009. PMID: 22271201

8. Altizer SM, Oberhauser KS, Brower LP. Associations between host migration and the prevalence of a

protozoan parasite in natural populations of adult monarch butterflies. Ecological Entomology. 2000; 25

(2):125–39. https://doi.org/10.1046/j.1365-2311.2000.00246.x PubMed PMID:

WOS:000087207600001.

9. Satterfield DA, Villablanca FX, Maerz JC, Altizer S. Migratory monarchs wintering in California experi-

ence low infection risk compared to monarchs breeding year-round on non-native milkweed. Integrative

and Comparative Biology. 2016; 56(2):343–52. https://doi.org/10.1093/icb/icw030 PMID: 27252207

10. Møller AP, Erritzoe J. Host immune defence and migration in birds. Evolutionary Ecology. 1998; 12

(8):945–53. https://doi.org/10.1023/a:1006516222343 PubMed PMID: WOS:000078131700005.

11. McKay AF, Hoye BJ. Are migratory animals superspreaders of infection? Integrative and Comparative

Biology. 2016; 56(2):260–7. https://doi.org/10.1093/icb/icw054 PMID: 27462034

12. Jenkins T, Thomas GH, Hellgren O, Owens IPF. Migratory behavior of birds affects their coevolutionary

relationship with blood parasites. Evolution; international journal of organic evolution. 2012; 66(3):740–

51. https://doi.org/10.1111/j.1558-5646.2011.01470.x PubMed PMID: WOS:000300931400011. PMID:

22380437

13. Koprivnikar J, Leung TLF. Flying with diverse passengers: greater richness of parasitic nematodes in

migratory birds. Oikos. 2015; 124(4):399–405. https://doi.org/10.1111/oik.01799 PubMed PMID:

WOS:000352240500002.

14. Hannon ER, Kinsella JM, Calhoun DM, Joseph MB, Johnson PTJ. Endohelminths in bird hosts from

Northern California and an analysis of the role of life history traits on parasite richness. Journal of Para-

sitology. 2016; 102(2):199–207. https://doi.org/10.1645/15-867 PubMed PMID:

WOS:000374968700006. PMID: 26579621

15. Levin II, Colborn RE, Kim D, Perlut NG, Renfrew RB, Parker PG. Local parasite lineage sharing in tem-

perate grassland birds provides clues about potential origins of Galapagos avian Plasmodium. Ecology

and evolution. 2016; 6(3):716–26. Epub 2016/02/13. https://doi.org/10.1002/ece3.1894 PMID:

26865960; PubMed Central PMCID: PMCPMC4739572.

16. Kelly TR, MacGillivray HL, Sarquis-Adamson Y, Watson MJ, Hobson KA, MacDougall-Shackleton EA.

Seasonal migration distance varies with natal dispersal and predicts parasitic infection in song spar-

rows. Behavioral Ecology and Sociobiology. 2016; 70(11):1857–66. https://doi.org/10.1007/s00265-

016-2191-2 PubMed PMID: WOS:000385158100008.

17. Valkiūnas G. Avian malaria parasites and other haemosporidia. Boca Raton, Florida: CRC Press;

2005.

Long-distance migration is associated with reduced blood parasitism in a songbird host

PLOS ONE | https://doi.org/10.1371/journal.pone.0201563 August 22, 2018 16 / 18

https://doi.org/10.1641/B570206
https://doi.org/10.1641/B570206
https://doi.org/10.1126/science.1183010
http://www.ncbi.nlm.nih.gov/pubmed/20075251
https://doi.org/10.1126/science.1194694
http://www.ncbi.nlm.nih.gov/pubmed/21252339
https://doi.org/10.1111/j.1461-0248.2005.00722.x
https://doi.org/10.2307/1941192
https://doi.org/10.1007/s00442-012-2251-x
https://doi.org/10.1007/s00442-012-2251-x
http://www.ncbi.nlm.nih.gov/pubmed/22271201
https://doi.org/10.1046/j.1365-2311.2000.00246.x
https://doi.org/10.1093/icb/icw030
http://www.ncbi.nlm.nih.gov/pubmed/27252207
https://doi.org/10.1023/a:1006516222343
https://doi.org/10.1093/icb/icw054
http://www.ncbi.nlm.nih.gov/pubmed/27462034
https://doi.org/10.1111/j.1558-5646.2011.01470.x
http://www.ncbi.nlm.nih.gov/pubmed/22380437
https://doi.org/10.1111/oik.01799
https://doi.org/10.1645/15-867
http://www.ncbi.nlm.nih.gov/pubmed/26579621
https://doi.org/10.1002/ece3.1894
http://www.ncbi.nlm.nih.gov/pubmed/26865960
https://doi.org/10.1007/s00265-016-2191-2
https://doi.org/10.1007/s00265-016-2191-2
https://doi.org/10.1371/journal.pone.0201563


18. Lachish S, Knowles SCL, Alves R, Wood MJ, Sheldon BC. Fitness effects of endemic malaria infections

in a wild bird population: the importance of ecological structure. Journal of Animal Ecology. 2011; 80

(6):1196–206. https://doi.org/10.1111/j.1365-2656.2011.01836.x PubMed PMID:

WOS:000296452700010. PMID: 21426343

19. Asghar M, Hasselquist D, Hansson B, Zehtindjiev P, Westerdahl H, Bensch S. Hidden costs of infection:

Chronic malaria accelerates telomere degradation and senescence in wild birds. Science. 2015; 347

(6220):436–8. https://doi.org/10.1126/science.1261121 PubMed PMID: WOS:000348225800047.

PMID: 25613889

20. Nolan J, V., Ketterson ED, Cristol DA, Rogers CM, Clotfelter E, Titus RC, et al. Dark-eyed Junco (Junco

hyemalis). The Birds of North America Online. 2002.

21. Miller AH. Speciation in the avian genus Junco. University of California Publications in Zoology. 1941;

44:173–434.

22. Friis G, Aleixandre P, Rodriguez-Estrella R, Navarro-Siguenza AG, Mila B. Rapid postglacial diversifica-

tion and long-term stasis within the songbird genus Junco: phylogeographic and phylogenomic evi-

dence. Molecular Ecology. 2016; 25(24):6175–95. https://doi.org/10.1111/mec.13911 PubMed PMID:

WOS:000391939700012. PMID: 27862578

23. Fudickar AM, Greives TJ, Atwell JW, Stricker CA, Ketterson ED. Reproductive allochrony in seasonally

sympatric populations maintained by differential response to photoperiod: implications for population

divergence and response to climate change. The American Naturalist. 2016; 187(4):436–46. https://doi.

org/10.1086/685296 PMID: 27028072

24. Knowles SCL, Palinauskas V, Sheldon BC. Chronic malaria infections increase family inequalities and

reduce parental fitness: experimental evidence from a wild bird population. Journal of Evolutionary Biol-

ogy. 2010; 23(3):557–69. https://doi.org/10.1111/j.1420-9101.2009.01920.x PubMed PMID:

WOS:000273949900010. PMID: 20070458

25. Asghar M, Hasselquist D, Bensch S. Are chronic avian haemosporidian infections costly in wild birds?

Journal of Avian Biology. 2011; 42(6):530–7. https://doi.org/10.1111/j.1600-048X.2011.05281.x

PubMed PMID: WOS:000298731400009.

26. Beadell JS, Fleischer RC. A restriction enzyme-based assay to distinguish between avian hemospori-

dians. Journal of Parasitology. 2005; 91(3):683–5. https://doi.org/10.1645/GE-3412RN PubMed PMID:

WOS:000230217100034. PMID: 16108566

27. Perkins SL, Schall JJ. A molecular phylogeny of malarial parasites recovered from cytochrome b gene

sequences. Journal of Parasitology. 2002; 88(5):972–8. https://doi.org/10.1645/0022-3395(2002)088

[0972:AMPOMP]2.0.CO;2 PubMed PMID: WOS:000179016200024. PMID: 12435139

28. Hellgren O, Waldenström J, Bensch S. A new PCR assay for simultaneous studies of Leucocytozoon,

Plasmodium, and Haemoproteus from avian blood. Journal of Parasitology. 2004; 90(4):797–802.

PubMed PMID: WOS:000223521100023. https://doi.org/10.1645/GE-184R1 PMID: 15357072

29. Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-

ger Datasets. Molecular Biology and Evolution. 2016; 33(7):1870–4. https://doi.org/10.1093/molbev/

msw054 PubMed PMID: WOS:000378767100018. PMID: 27004904

30. Tamura K, Nei M. Estimation of the number of nucleotide substitutions in the control region of mitochon-

drial-DNA in humans and chimpanzees. Molecular Biology and Evolution. 1993; 10(3):512–26. PubMed

PMID: WOS:A1993LD11400002. https://doi.org/10.1093/oxfordjournals.molbev.a040023 PMID:

8336541

31. Bensch S, Hellgren O, Perez-Tris J. MalAvi: a public database of malaria parasites and related haemos-

poridians in avian hosts based on mitochondrial cytochrome b lineages. Molecular Ecology Resources.

2009; 9(5):1353–8. https://doi.org/10.1111/j.1755-0998.2009.02692.x PubMed PMID:

WOS:000268855000007. PMID: 21564906

32. Hahn S, Bauer S, Dimitrov D, Emmenegger T, Ivanova K, Zehtindjiev P, et al. Low intensity blood para-

site infections do not reduce the aerobic performance of migratory birds. Proceedings Biological sci-

ences. 2018; 285(1871). Epub 2018/02/02. https://doi.org/10.1098/rspb.2017.2307 PMID: 29386365;

PubMed Central PMCID: PMCPMC5805937.

33. Waldenström J, Bensch S, Hasselquist D, Ostman O. A new nested polymerase chain reaction method

very efficient in detecting Plasmodium and Haemoproteus infections from avian blood. Journal of Para-

sitology. 2004; 90(1):191–4. https://doi.org/10.1645/GE-3221RN PubMed PMID:

WOS:000220367300035. PMID: 15040694

34. Clark NJ, Clegg SM, Klaassen M. Migration strategy and pathogen risk: non-breeding distribution drives

malaria prevalence in migratory waders. Oikos. 2016; 125(9):1358–68. https://doi.org/10.1111/oik.

03220 PubMed PMID: WOS:000382496000015.

Long-distance migration is associated with reduced blood parasitism in a songbird host

PLOS ONE | https://doi.org/10.1371/journal.pone.0201563 August 22, 2018 17 / 18

https://doi.org/10.1111/j.1365-2656.2011.01836.x
http://www.ncbi.nlm.nih.gov/pubmed/21426343
https://doi.org/10.1126/science.1261121
http://www.ncbi.nlm.nih.gov/pubmed/25613889
https://doi.org/10.1111/mec.13911
http://www.ncbi.nlm.nih.gov/pubmed/27862578
https://doi.org/10.1086/685296
https://doi.org/10.1086/685296
http://www.ncbi.nlm.nih.gov/pubmed/27028072
https://doi.org/10.1111/j.1420-9101.2009.01920.x
http://www.ncbi.nlm.nih.gov/pubmed/20070458
https://doi.org/10.1111/j.1600-048X.2011.05281.x
https://doi.org/10.1645/GE-3412RN
http://www.ncbi.nlm.nih.gov/pubmed/16108566
https://doi.org/10.1645/0022-3395(2002)088[0972:AMPOMP]2.0.CO;2
https://doi.org/10.1645/0022-3395(2002)088[0972:AMPOMP]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/12435139
https://doi.org/10.1645/GE-184R1
http://www.ncbi.nlm.nih.gov/pubmed/15357072
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/oxfordjournals.molbev.a040023
http://www.ncbi.nlm.nih.gov/pubmed/8336541
https://doi.org/10.1111/j.1755-0998.2009.02692.x
http://www.ncbi.nlm.nih.gov/pubmed/21564906
https://doi.org/10.1098/rspb.2017.2307
http://www.ncbi.nlm.nih.gov/pubmed/29386365
https://doi.org/10.1645/GE-3221RN
http://www.ncbi.nlm.nih.gov/pubmed/15040694
https://doi.org/10.1111/oik.03220
https://doi.org/10.1111/oik.03220
https://doi.org/10.1371/journal.pone.0201563


35. Ricklefs RE, Medeiros M, Ellis VA, Svensson-Coelho M, Blake JG, Loiselle BA, et al. Avian migration

and the distribution of malaria parasites in New World passerine birds. Journal of Biogeography. 2017;

44(5):1113–23. https://doi.org/10.1111/jbi.12928 PubMed PMID: WOS:000399667400014.

36. Cornelius JM, Zylberberg M, Breuner CW, Gleiss AC, Hahn TP. Assessing the role of reproduction and

stress in the spring emergence of haematozoan parasites in birds. Journal of Experimental Biology.

2014; 217(6):841–9. https://doi.org/10.1242/jeb.080697 PubMed PMID: WOS:000332844300009.

PMID: 24265426

37. Cosgrove CL, Wood MJ, Day KP, Sheldon BC. Seasonal variation in Plasmodium prevalence in a popu-

lation of blue tits Cyanistes caeruleus. Journal of Animal Ecology. 2008; 77(3):540–8. https://doi.org/10.

1111/j.1365-2656.2008.01370.x PubMed PMID: WOS:000254990300014. PMID: 18312339

38. Deviche P, Fokidis HB, Lerbour B, Greiner E. Blood parasitaemia in a high latitude flexible breeder, the

white-winged crossbill, Loxia leucoptera: contribution of seasonal relapse versus new inoculations. Par-

asitology. 2010; 137(2):261–73. https://doi.org/10.1017/S003118200999134X PubMed PMID:

WOS:000275225600007. PMID: 19849885

39. Barnard WH, Mettke-Hofmann C, Matsuoka SM. Prevalence of hematozoa infections among breeding

and wintering rusty blackbirds. Condor. 2010; 112(4):849–53. https://doi.org/10.1525/cond.2010.

100143 PubMed PMID: WOS:000285727700024.

40. Cornet S, Nicot A, Rivero A, Gandon S. Evolution of plastic transmission strategies in avian malaria.

Plos Pathogens. 2014; 10(9):1–9. https://doi.org/10.1371/journal.ppat.1004308 PubMed PMID:

WOS:000343014600003. PMID: 25210974

Long-distance migration is associated with reduced blood parasitism in a songbird host

PLOS ONE | https://doi.org/10.1371/journal.pone.0201563 August 22, 2018 18 / 18

https://doi.org/10.1111/jbi.12928
https://doi.org/10.1242/jeb.080697
http://www.ncbi.nlm.nih.gov/pubmed/24265426
https://doi.org/10.1111/j.1365-2656.2008.01370.x
https://doi.org/10.1111/j.1365-2656.2008.01370.x
http://www.ncbi.nlm.nih.gov/pubmed/18312339
https://doi.org/10.1017/S003118200999134X
http://www.ncbi.nlm.nih.gov/pubmed/19849885
https://doi.org/10.1525/cond.2010.100143
https://doi.org/10.1525/cond.2010.100143
https://doi.org/10.1371/journal.ppat.1004308
http://www.ncbi.nlm.nih.gov/pubmed/25210974
https://doi.org/10.1371/journal.pone.0201563

