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Abstract

Avian malaria and related haemosporidian parasites (genera Plasmodium and Parahaemoproteus) are the most common
parasites in many bird populations and are known to affect survival and reproduction. We analyze how species-level and
individual-level traits influence parasite prevalence among species and infection status among individuals. We collected
blood samples of 625 individuals from 35 host species and used PCR to screen for infection status. We found that 44% of
the individuals were infected, and 38 unique lineages of haemosporidian parasites were obtained. Total prevalence and
prevalence of Plasmodium and Parahaemoproteus separately were significantly heterogeneous across species, ranging from
0 to 100%. Total and Plasmodium prevalence increased significantly with host species abundance, but Parahaemoproteus
prevalence did not. Parasite prevalence did not vary with other species-level traits, including species mass, annual survival,
nest type, nesting or foraging height, and degree of sexual dimorphism. Individual-level traits, such as age and sex, did not
predict infection status of individuals. Our research documents a high diversity of haemosporidian parasites and substantial
variation in parasite prevalence across host species. However, contrary to expectations, haemosporidian prevalence is not
strongly related to many host life history traits. Future studies that examine vector abundance and parasite prevalence across
habitat types might be especially productive.
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Zusammenfassung

Prévalenz aviirer Haemosporidien in Westtennessee im Verhéltnis zu den Wirtseigenschaften

Vogelmalaria und verwandte parasitische Haemosporidien (Gattungen Plasmodium und Parahaemoproteus) stellen in
vielen Vogelpopulationen die hiufigsten Parasiten dar und es ist bekannt, dass sie Auswirkungen auf das Uberleben und
die Reproduktion haben. Hier analysieren wir, wie Merkmale auf Art- beziehungsweise Individuenebene die Privalenz
von Parasiten bei den Arten und den Infektionsstatus bei den Individuen beeinflussen. Wir sammelten Blutproben
von 625 Individuen aus 35 Wirtsarten und ermittelten den Infektionsstatus mittels PCR. Es zeigte sich, dass 44 % der
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Individuen infiziert waren, und wir konnten 38 eindeutige Abstammungslinien parasitischer Haemosporidien ermitteln. Die
Gesamtprivalenz und die Einzelpridvalenzen von Plasmodium beziehungsweise Parahaemoproteus zeigten iiber die Arten
hinweg eine signifikante Heterogenitit und reichten von 0 % bis 100 %. Die Gesamtprivalenz und die Plasmodium-Privalenz
stiegen mit der Haufigkeit der Wirtsart signifikant an, die Parahaemoproteus-Préivalenz dagegen nicht. Die Parasitenprivalenz
dnderte sich nicht in Abhingigkeit von anderen Merkmalen auf Artebene, wie zum Beispiel der Korpermasse der Art,
der jihrlichen Uberlebensrate, dem Nesttyp, der Nistplatzhohe, der Hohe bei der Nahrungssuche und der Ausprigung
eines Geschlechtsdimorphismus. Merkmale auf Individuenebene, beispielsweise Alter und Geschlecht, ermdglichten keine
Vorhersage des Infektionsstatus von Individuen. Unsere Forschungen dokumentieren eine hohe Diversitét parasitischer
Haemosporidien und eine betrichtliche Variationsbreite der Parasitenprivalenz iiber die Wirtsarten hinweg. Anders als
erwartet ist allerdings die Haemosporidienprivalenz nicht eng mit vielen biologischen Eigenschaften der Wirte gekoppelt.
Zukiinftige Studien zur Untersuchung der Vektorhiufigkeit und der Parasitenprivalenz iiber Habitattypen hinweg konnten

sich als besonders wertvoll erweisen.

Introduction

In many bird populations, the most common parasites
include haemosporidian parasites (Haemosporida Plas-
modiidae and Haemosporida Haemoproteidae) (Valkitinas
2005). These parasites are transmitted through dipteran
vectors, with Plasmodium parasites transmitted by Culicid
mosquitoes and Parahaemoproteus transmitted primarily
by biting midges (Ceratopogonidae) and hippoboscid flies.
Three stages of infection have been described: the acute
phase (the primary stage in which avian hosts are infected),
the chronic phase following survival of the acute phase (Fer-
rell et al. 2007), and latent (when parasite presence decreases
significantly and is eliminated via the host’s immune sys-
tem) (Valkitinas 2005). Parasite intensity is greatest after
initial infection during the acute phase (Ferrell et al. 2007).
Infection in the acute phase has been linked to poorer health
condition, presumably because of reductions in nutrient
availability or because the host must invest energy in its
immune responses or tissue repair (Dawson and Bortolotti
2000). Acute infections are also linked to lower levels of
hemoglobin (Krams et al. 2013) and to decreased body mass
(Atkinson et al. 2000). However, the effects of haemospo-
ridian infections are complicated and can vary among indi-
viduals and species based on the environment and parasite
lineage (Lachish et al. 2011). Parasite levels significantly
decrease in the chronic phase, but infected individuals can
still transmit the parasite to other individuals through insect
vectors (Martinsen et al. 2008) and infections can still reduce
survival (Martinez-de la Puente et al. 2010).

The effects of haemosporidian infections on reproductive
success are complex an poorly understood, and studies have
produced contradictory findings (Marzal et al. 2005; Kilpat-
rick and LaPointe 2006; Bensch et al. 2007; Podmokla et al.
2014; Bosholn et al. 2016). Bensch et al. (2007) observed
no fitness consequences of infection in Great Reed Warblers
(Acrocephalus arundinaceus), and Hammers et al. (2016)
found that Seychelles Warblers (Acrocephalus sechellen-
sis) infected with Parahaemoproteus nucleocondensus did

@ Springer

not have a significantly lower annual survival compared to
uninfected individuals. In a wild population of Great Tits
(Parus major), however, survival decreased when co-infec-
tion occurred and reproductive success increased with both
single and co-infections (Pigeault et al. 2018). Zylberberg
et al. (2015) found that female White-crowned Sparrows
(Zonotrichia leucophrys) infected with Parahaemoproteus
had higher lifetime reproductive success than uninfected
individuals. In evolutionary naive species such as the native
birds of Hawaii (van Riper et al. 1986; Atkinson et al. 1995;
Atkinson and Samuel 2010; Samuel et al. 2015) and of New
Zealand (Baillie and Brunton 2011), haemosporidian infec-
tions can be devastating. However, chronic infections in
hosts that have an evolutionary history with these parasites
might have only minor impacts on fitness (Valkitinas 2005;
Bensch et al. 2007).

Variation in parasite prevalence across species may be
explained by individual- and species-level host traits that
influence immune function or vector exposure. On an indi-
vidual level, age, sex, and body condition may play a role
in infection rates. Wilson et al. (2002) suggests that older
birds are more likely to be infected, presumably due to
longer exposure; however, increased parasitism in older
birds could also be due to a lack of sampling of younger
individuals that have died during the acute phase (Wilson
et al. 2002). Medeiros et al. (2014) documented that spe-
cialist parasites were more frequently found in older indi-
viduals whereas younger birds tended to host generalists.
This pattern may be reflective of the ability of older hosts,
but not of younger hosts, to survive specialist infections
due to their more developed immune systems (Medeiros
et al. 2014). Sex may also play a role in individual suscep-
tibility. Calero-Riestra and Garcia (2016) found that infec-
tion rates were higher in males. It has been hypothesized
that increased infection rates in males can be attributed to
energy investment in male reproductive efforts leading to
decreased immunocompetence and an increase in parasit-
ism (Zuk and McKean 1996). However, many other studies
have found no difference in infection rate between males
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and females (Ricklefs et al. 2005; Astudillo et al. 2013;
Matthews et al. 2016).

Species-level traits that may affect haemosporidian
prevalence include nesting and foraging height (Sven-
sson-Coelho et al. 2013; Medeiros et al. 2015), flocking
behavior, habitat (Sehgal 2015), nest type (Fecchio et al.
2011; Lutz et al. 2015) and population density (Ricklefs
et al. 2005; Isaksson et al. 2013). These traits likely influ-
ence parasite prevalence through their effects on vector
exposure or host susceptibility (immune function). For
example, Fecchio et al. (2011) found that species that
nest in closed cup nests have a lower prevalence of Para-
haemoproteus and a higher prevalence of Plasmodium and
hypothesized that this pattern might be driven by the use
of carbon dioxide concentration as an olfactory cue by
vectors. Species lifespan has been hypothesized as a factor
in parasite prevalence, with shorter lifespans being associ-
ated with less developed immune systems, making them
easier targets for parasites (Ricklefs et al. 2005; Calero-
Riestra and Garcia 2016).

The global distribution of Haemosporidian parasites and
the ability to observe their effects in both observational and
experimental settings make them an ideal model system to
study parasite interactions (Valkitinas 2005; Marzal et al.
2005; Fallon et al. 2006). Other studies have investigated
avian haemosporidian parasites in eastern North America
(Ricklefs et al. 2005; Astudillo et al. 2013; Ellis et al. 2015;
Matthews et al. 2016), but studies have produced conflicting
results and little agreement has emerged. Few studies have
a sample size as large as ours and no studies have explored
the relationship between haemosporidian parasites and host
traits in the lower Mississippi River valley. We investigate
rates of parasitism by avian malaria and related haemos-
poridians across individuals and species. We hypothesize
that infection status is associated with individual-level
traits (e.g., age and sex) that might relate to variation in
host immune defense and that parasite prevalence is associ-
ated with species-specific ecological and life history traits of
hosts (e.g., nest type, foraging and nesting heights, average
annual survival) that influence host susceptibility or vector
exposure.

Methods
Study sites

Birds were sampled during the breeding season (May and
June), 2014-2015 at Ames Plantation in western Tennes-
see (35.1151° N, 89.2157° W). Ames Plantation, located in
southwest Tennessee in Fayette and Hardeman counties, is
owned and operated by the Hobart Ames Foundation and

serves as a University of Tennessee Agricultural Research
and Education Center. The area is characterized by broad
rolling hills and coastal plain river bottoms and the climate
is characterized as temperate, with warm summers and
mild winters. Average annual high and low temperatures
are 22 °C and 9 °C, respectively (US Climate Data 2019;
https://www.usclimatedata.com/climate). Average annual
precipitation is 142 cm. Precipitation is fairly evenly distrib-
uted throughout the year, with small peaks (13.2-14.5 cm/
month) in February—May and November—December and
a drier August—October (7.3-10.2 cm/month). To survey
host and parasite diversity thoroughly, we placed mist nets
at 22 sites that broadly covered existing habitats including
human-dominated habitats (e.g., yards), early successional
habitats (i.e., fields), pine plantations, and early-, mid-, and
late-successional stands of both upland and bottomland
hardwood forests.

Field sampling

At each site, 16—20 mist nets (38 mm gauge, 2.6 nm tall,
and either 6, 9, or 12 m long) were set up in areas with high
bird activity, primarily forest edges and off-road trails. Mist
nets were not baited. Birds were sampled between 0520 and
1230, with nets checked every 30 min. We identified species
and determined age and sex according to Pyle (1997). We
recorded mass and wing length and placed a USGS band on
each bird. Captured birds were released immediately after
processing at the site of capture. All work followed protocols
approved by the Rhodes College IACUC committee (#114)
and under federal permit #23734 and state permit #3666.

Blood sampling

We drew approximately 20 pl of blood from the brachial
vein into capillary tubes, making sure not to take more than
1% of the individual’s body weight. Blood was put into
300 pl of lysis buffer (Longmire et al. 1997) and stored at
room temperature until DNA extraction.

DNA extraction

We added 5 pl of Proteinase K (IBI Scientific, Peosta, 1A,
USA) to each blood sample in the lysis buffer. Samples were
incubated at 60 °C for at least 8 h in a water bath. DNA was
extracted using a standard ammonium acetate-isopropanol
extraction (Svensson and Ricklefs 2009). Each extraction
was checked for DNA concentration and purity with a nan-
odrop before infection screening.
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Infection screening

We used polymerase chain reaction (PCR) to screen the
extracted DNA for infection. The PCR protocol specifically
amplifies a fragment of the haemosporidian 16S rRNA gene
(Fallon et al. 2003). We used gel electrophoresis to identify
positive infections. PCR products were visualized with a 1%
agarose gel stained with ethidium bromide, and gels were
run for 20 min at 94 V. All gel runs included a positive
(a known positive haemosporidian infection) and negative
(pure water) control.

Cytochrome b amplification

A nested PCR reaction was run to amplify a 550 bp frag-
ment of the haemosporidian cyfochrome b gene for samples
screening positive for the parasites’ 16S rRNA gene frag-
ment. Our nested PCR reactions were modified from those
used by Fecchio et al. (2013). In the initial outer reaction,
a~660 bp fragment of the haemosporidian cyfochrome b
gene was amplified with primers 3932F (Olival et al. 2007)
and DW4R (Perkins and Schall 2002). This amplification
took place via the following PCR method: 94 °C (4 min), 35
cycles of: 94 °C (20 s), 49 °C (10 s), 68 °C (45 s), and 68°
C (3 min). Our master mix included 0.5 pl of DNA, 6.25 pl
water, 1 pl MgCl,-free 10X buffer, 0.8 pl INTPs (2.5 mM),
0.8 pl MgCl, (25 mM), 0.2 pl 3932F (10 pM), 0.2 upl DW4R
(10 pM), 0.2 pl BSA (1X), and 0.05 pl Takara Taq (5 U/pl
TaKaRa Bio, Shiga, Japan) for each reaction. Both a posi-
tive and a negative control were used for each outer reac-
tion. For inner reactions, primers 413F and 926R (Ricklefs
et al. 2005) were used in the following PCR regime: 94 °C
(1 min), 28 cycles of 94 °C (20 s), 52 °C (10 s), 68 °C (50 s),
and finally 68 °C (7 min). In each inner reaction we used
13 pl water, 2 ul MgCl,-free 10X buffer, 1.6 pl ANTP, 1.6 pl
MgCl,, 0.4 pl 413F (10 uM), 0.4 pl 926R (10 uM), 0.4 pl
BSA (1X), and 0.1 pl Takara Taq, and 0.5 pl of PCR product
from the outer reaction. We included one positive control
and negative control in the inner reaction after every fourth
sample, and we included a negative control from the outer
reaction.

Sequencing

All positive inner cytochrome b reactions from PCR were
purified via ExoSAP protocol: 2.6 pl of ultrapure water,
0.2 pl of Antarctic phosphatase (New England Biolabs,
MO0289L), and 0.2 pl Exonuclease (New England Biolabs,
MO0293L) added to each sample and incubated at 37 °C for
30 min and at 60 °C for 15 min. Purified PCR samples were
sequenced at the University of Tennessee Health Sciences
Center or at Beckman Coulter Genomics (Indianapolis, IN,
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USA). Using ChromasPro (Technelysium, Version 1.7.5),
we sequenced all positive infections in both forward and
reverse directions and assembled contigs.

Identifying lineages

Sequences were aligned in Mega Version 5.2 (Tamura et al.
2011), and we used ChromasPro to create chromatograms
to examine ambiguous areas in the sequences (Tamura et al.
2011). Double peaks in the resulting chromatograms indi-
cated mixed infections in the sample. Parasite haplotypes
from samples with mixed infections were assigned ambigu-
ity codes to base pairs displaying multiple peaks, and we
compared these sequences to known lineages obtained in our
study, a commonly used technique (Matthews et al. 2016).
Some mixed infections could not be completely resolved.
Individuals with an unknown lineage were included in
the analysis of total infection prevalence, and those with
known genus were included in analyses of Plasmodium
and Parahaemoproteus. Groups of haplotypes with less
than 1% sequence divergence and similar host distributions
were assigned lineage names and then compared to line-
ages submitted in GenBank (through the National Center for
Biotechnology Information at www.ncbi.nlm.nih.gov) and
with avian infections from data collected in North America
(Ricklefs et al. 2014). Lineages that matched perfectly with
a lineage on GenBank or our database were renamed after
the originally assigned name.

Statistical analysis

We used generalized linear mixed models (GLMMs) to
determine whether infection status was influenced by
individual-level traits, such as age and sex. We also used
GLMMs to evaluate whether infection prevalence in each
host species was influenced by species-specific traits, such as
abundance, mean species body mass (g), nest type (open- vs.
closed-cup), species nesting height (<1 m, 1-5 m,>5 m),
species foraging height (<1 m, 1-5 m,>5 m), and degree
of sexual dimorphism. We were unable to obtain estimates
of all predictor variables for all individuals or for all species,
so degrees of freedom change with the variable examined. In
addition, Brown-headed Cowbird (Molothrus ater), a brood
parasite, was excluded from analyses of nesting parameters
(e.g., nest type, nest height).

We calculated abundance estimates for each species with
contour abundance maps generated from Breeding Bird
Survey (BBS) data and downloaded as shapefiles (avail-
able from Patuxent Wildlife Research Center at https://
www.mbr-pwrc.usgs.gov/bbs/geographic_information/
GIS_shapefiles_2010.html). Sauer et al. (2011) explain how
these maps were produced. Briefly, for each BBS route, they
averaged point counts between 2006 and 2010 and used a
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distance-weighted average of counts (Isaaks and Srivastava
1989) to estimate the abundance of each species across
its breeding range within the continental United States.
We imported abundance maps to R v3.0.2 (R Core Team
2013), using the 'rgdal’ package (Bivand et al. 2013), con-
verted species polygons to rasters using the ‘raster’ package
(Hijmans et al. 2014), and then extracted species-specific
abundance estimates for our site. Abundance estimates rep-
resent the predicted number of individuals of a given species
observed in~2.5 h of surveying (Sauer et al. 2011), and it
is important to note that BBS data do not explicitly account
for detectability of birds (Sauer et al. 2003).

We used the MAPS (Monitoring Avian Productivity and
Survivorship) Avian Demographics Query Interface (Michel
et al. 2011) for the Southeast region to obtain estimates of
annual survival for each species. These estimates measure
the overall patterns of average annual survival rates of birds
in North America (Desante et al. 1995). We used the CRC
Handbook of Avian Body Masses (Dunning 2008) to obtain
estimates of average species body masses from. When male
and female masses were reported separately, we recorded
the mean. We categorized each species by degree of sexual
dimorphism: none; intermediate, with phenotypic differ-
ences limited to the face and head; and high, with pheno-
typic differences occurring beyond the face and head. We
used The Birds of North America Online (Rodewald 2015)
to obtain all other species-level data (nest type, nest height,
and foraging height). All species-level data used in our anal-
yses are presented in Table 1.

For individual-level traits (e.g., age, sex, and body con-
dition), we tested patterns of infection for Plasmodium and
Parahaemoproteus both separately and combined. Each
predictor was examined separately because the number of
species sampled did not permit a single multivariate analysis
with all predictor variables examined simultaneously. We
used the "GLIMMIX" procedure in SAS 9.3 (SAS Institute
2011) to run a mixed effect model with bird taxonomy (spe-
cies nested in family) as a random effect. For species-level
traits (e.g., abundance, foraging height, and nest type), we
examined only species with six or more individuals sam-
pled (26 species) and used the “GLIMMIX” procedure to
examine the effects of those species-level traits on disease
prevalence (proportion of individuals within a species that is
infected). We did not correct prevalence estimates for poten-
tial biases in detectability that could result from sampling
biases (Jennelle et al. 2007) or imperfect diagnostic (PCR)
tests (Lachish et al. 2012). We included species nested in
family as a random effect. All models were weighted by the
sample size of each species. We could not include habitat
as a random effect because these models did not converge.
Because we conducted many tests, we set our significance
(alpha) level to 0.01.

Results
Prevalence variation

Of 625 individuals, 44% (272 individuals of 35 species)
were infected with haemosporidian parasites of 37 unique
lineages (Table 2). We recovered 22 Plasmodium lineages
from 200 infected individuals (prevalence =32%). Eighty
individuals (13%) were infected with 15 unique lineages
of Parahaemoproteus. Twenty-two individuals had mixed
infections, and 14 of the 44 lineages from these birds could
not be determined. Total (Plasmodium and Parahaemo-
proteus combined), Plasmodium, and Parahaemoproteus
prevalence is significantly heterogeneous across species
(chi-square tests; p <0.001 for all three tests; Fig. 1). While
all six Northern Parulas (Parula americana) were infected,
none of the 16 Acadian Flycatchers (Empidonax virescens)
or six Eastern Phoebes (Sayornis phoebe) were infected.

Individual-level traits and infection status

Infection status does not vary by sex (total, p=0.55, Plasmo-
dium, p=0.30, Parahaemoproteus, p=0.44; Table 3) or age
(total, p=0.23, Plasmodium, p=0.47, Parahaemoproteus,
p=0.26; Table 3).

Species-level traits and prevalence

Total prevalence increases significantly with species abun-
dance (p=0.01; Fig. 2), and so does Plasmodium preva-
lence (p <0.001). Parahaemoproteus prevalence, however,
does not increase with abundance (p=0.71) (Table 3;
Fig. 2). Infection status does not vary by species mass
(total, p=0.94, Plasmodium, p=0.44, Parahaemoproteus,
p=0.95; Table 3) or annual survival (total, p=0.49, Plasmo-
dium, p=0.06, Parahaemoproteus, p=0.32; Table 3). Nest
type (total, p=0.27, Plasmodium, p=0.86, Parahaemopro-
teus, p=0.32; Table 3) and nest height (total, p=0.35, Plas-
modium, p=0.97, Parahaemoproteus, p=0.05; Table 3) also
did not show significant differences in parasite prevalence.
We also did not find significant differences in prevalence for
sexual dimorphism (total, p=0.91, Plasmodium, p=0.38,
Parahaemoproteus, p=0.47; Table 3) or foraging height
(total, p=0.88, Plasmodium, p=0.26, Parahaemoproteus,
p=0.26; Table 3).

Discussion
Our examination of Plasmodium and Parahaemoproteus

in the birds of western Tennessee documented high para-
site prevalence and diversity and complex host-parasite
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Table 2 Distribution of parasite lineages across host species including multiple infections
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Table 2 (continued)

0Z49 0Z53 unk Total Plasmodium Para-

0731

haemo-

proteus

47
200

49
294

YBCH
Total

80

14

12

Lineages of Plasmodium (P) are in boldface, and lineages of Parahaemoproteus (H) are in normal font. “Unk” designates unresolved parasite lineages from mixed infections. Parentheses next to

species codes indicate sample size. Uninfected species include: ACFL (16), ALFL (1), AMRE (1), AMRO (1), BAWW (2), BBCU (1), BGGN (1), CARW (23), CEDW (1), CHSW (2), DOWO

(1), EAPH (6), EAWP (1), EUST (1), GRCA (1), NOBO (1), NRWS (2), PUMA (6), RWBL (1), SOSP (1), SWSP (1), TRES (1), VEER (1), WIWA (1), and WTSP (1). A complete list of spe-

cies abbreviations can be found in Table 1

relationships. Parasite prevalence varied widely across spe-
cies, ranging from 0 to 100%. These differences in parasite
prevalence could reflect differences in immune systems, in
vector exposure, or in other species-level characteristics. In
addition to parasite prevalence, parasite diversity also varied
across species. Some host species harboured only one line-
age [e.g., Blue Grosbeak (Passerina caerulea) and Common
Grackle (Quiscalus quiscula) while other species, such as
Yellow-breasted Chat (Icteria virens) and White-eyed Vireo
(Vireo griseus) harboured many lineages]. Among the para-
sites, we found lineages that infected a large number of host
species (e.g., NA04 and OZ01) and lineages that specialized
on a particular host (OZ26 and B23). Intermediately general-
ist lineages were also detected (OZ05 and OZ25).

Based on previous studies, we predicted that parasite
prevalence would vary with species-level traits such as
abundance (Hochachka and Dhondt 2000; Brown et al.
2001; Fecchio et al. 2011) and foraging and nesting heights
(Medeiros et al. 2015). We found a positive relationship
between prevalence and host species abundance for all para-
sites and for Plasmodium alone but not for Parahaemopro-
teus (Fig. 2). The prevalence of the bacterium Mycoplasma
gallisepticum in House Finches (Haemorhous mexicanus)
(Hochachka and Dhondt 2000) and of an arbovirus in Cliff
Swallows (Petrochelidon pyrrhonota) (Brown et al. 2001)
was higher in more abundant species, and these patterns
have been hypothesized to result from denser populations
supporting higher transmission rates (Dobson 1990, 2004;
Arneberg et al. 1998; Brown et al. 2001; Isaksson et al.
2013). However, Ricklefs et al. (2005) found that parasite
prevalence was U-shaped and highest in the least and most
abundant species. High prevalence in less abundant hosts
could be explained by Ricklefs et al.’s (2005) hypothesis that
generally poor immune systems, specialist parasite lineages
with high virulence, or spillover effects from more abundant
host species might result in more infections or more costly
infections and subsequently explain the low abundance of
these host species. None of these studies, including ours,
accounted for potential sampling biases that could affect
this result. BBS estimates of host abundance, for example,
do not explicitly account for detectability of birds (Sauer
et al. 2003), so actual host densities might differ from raw
estimates. Estimates of parasite prevalence could also be
biased by higher capture rates of uninfected individuals
(Jennelle et al. 2007) or by imperfect diagnostic tests, such
as PCR reactions (Lachish et al. 2012). It is plausible that
some systemic bias (e.g., more abundant hosts have higher
parasitemia and therefore higher parasite detectability)
could drive the commonly observed positive relationship
between host abundance and parasite prevalence. We have
no evidence for any such systemic bias, and, given the large
range in BBS estimates of host density and the broad range
of prevalence estimates across host species, we think it
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Fig. 1 Fraction of individuals
that were infected with either
Parahaemoproteus or Plasmo-
dium by species. Prevalence

is significantly heterogeneous
across species (p <0.001).

All Northern Parulas (Parula
americana) were infected with
either Parahaemoproteus or
Plasmodium. Chipping Sparrow
(Spizella passerine), Eastern
Bluebird (Sialia sialis), Red-
Eyed Vireo (Vireo olivaceus),
and Summer Tanager (Piranga
rubra) also exhibited high
prevalence. Conversely, Acadian
Flycatcher (Empidonax vires-
cens), Carolina Wren (Thryo-
thorus ludovicianus), Eastern
Phoebe (Sayornis phoebe), and
Purple Martin (Progne subis),
harbored no infections

Table 3 Total prevalence

and Plasmodium prevalence
significantly increases with
species abundance (total,
p=0.0091, Plasmodium,
p<0.0001), but does not
increase significantly for
Parahaemoproteus prevalence

(p=0.71)

1.0
B Parahaemoproteus
B Plasmodium

»

© 0.8

3

il

=

o

£

o 0.6 —

Qo

%}

Q

£

~6 0.4

c

.2

©

S 02 I

S B I
25a3dxP29o0=s3f22EFUoFr2o93gidz
Species

Factor Total Plasmodium Parahemoproteus
Log (abundance) 0.009 <0.0001 0.71

Slope estimate (SE) 1.33 (0.51) 1.58 (0.38) 0.502 (1.37)
Nest type 0.27 0.86 0.32

Closed; mean (CI)
Open; mean (CI)
Nest height (m)
< 1; mean (CI)
1-5; mean (CI)
>5; mean (CI)
Foraging height (m)
Ground foragers; mean (CI)
All others; median (CI)
Average annual survival
Slope estimate (SE)
Sexual dimorphism
None; mean (CI)
Intermediate; mean (CI)
High; mean (CI)
Log (species mass) (g)
Slope estimate (SE)
Age
Hatch year (HY); mean (CI)
Second year (SY); mean (CI)

After second year (ASY); mean (CI)

Sex
Female
Male

0.22 (0.06, 0.54)
0.41 (0.21, 0.65)
0.35

0.22 (0.06, 0.54)
0.30 (0.12, 0.59)
0.50 (0.16, 0.84)
0.88

0.35 (0.14, 0.64)
0.33 (0.14, 0.60)
0.49

—2.91 (4.20)
0.91

0.33 (0.14, 0.60)
0.30 (0.08, 0.66)
0.39 (0.13, 0.73)
0.94

0.10 (1.40)

0.23

0.26 (0.12, 0.48)
0.39 (0.25, 0.55)
0.44 (0.30, 0.59)
0.55

0.40 (0.25, 0.57)
0.43 (0.27, 0.60)

0.18 (0.05, 0.48)
0.16 (0.06, 0.36)
0.97

0.19 (0.06, 0.45)
0.16 (0.06, 0.36)
0.17 (0.04, 0.47)
0.26

0.23 (0.10, 0.46)
0.13 (0.05, 0.30)
0.06

—7.71 (4.09)
0.38

0.13 (0.05, 0.29)
0.17 (0.05, 0.44)
0.29 (0.10, 0.60)
0.44

0.95 (1.22)

0.47

0.12 (0.04, 0.34)
0.23 (0.10, 0.43)
0.23 (0.11, 0.43)
0.3

0.20 (0.10, 0.36)
0.24 (0.13, 0.41)

0.01 (0.00, 0.24)
0.06 (0.01, 0.26)
0.05

0.003 (0.00, 0.06)
0.04 (0.01, 0.27)
0.19 (0.02, 0.78)
0.26

0.02 (0.00, 0.14)
0.08 (0.01, 0.35)
0.32

8.35 (8.42)

0.47

0.07 (0.01, 0.31)
0.01 (0.00, 0.15)
0.05 (0.01, 0.35)
0.95

0.19 (2.97)

0.26

0.05 (0.01, 0.27)
0.03 (0.01, 0.14)
0.08 (0.02, 0.24)
0.44

0.08 (0.03, 0.19)
0.06 (0.02, 0.15)

Prevalence did not increase significantly with nest type, height, foraging height, average annual survival,
sexual dimorphism, or species mass
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Fig.2 a Total prevalence of Plasmodium and Parahaemoproteus
increases significantly with host abundance (p=0.01). b Plasmodium
prevalence also increases with abundance (p <0.001)

highly unlikely that the abundance-prevalence relationship
is spurious.

Except for abundance, we did not find significant pat-
terns for any species-level trait. We do not think that these
negative findings are a result of low statistical power. Our
sample size was large (625 individuals from 35 host species)
and similar to or greater than those of other studies. For
comparison, Matthews et al. (2016) sampled 329 individuals
from 43 species, Lutz et al. (2015) sampled 469 individu-
als from 152 species, and Astudillo et al. (2013) sampled
786 individuals of 53 species. Our species-level analyses
examined only the 26 species with six or more individuals,
but we found consistent patterns when this minimum was
lowered to four individuals or raised to ten, suggesting that
our results are robust. Broadly speaking, species-level traits
did not explain variation in parasite prevalence across host
species for this avian community.

Many hypotheses linking species-level traits to the preva-
lence of haemosporidian parasites have received only mixed
support, and many of our negative results were consistent
with other studies. For example, our study found no rela-
tionship between foraging height and parasite prevalence,
similar to the results of Matthews et al. (2016) and Sven-
sson-Coelho et al. (2013). Matthews et al. (2016) also found
no relationship between parasite prevalence and annual sur-
vival. We also found no support for hypotheses linking indi-
vidual-level traits to haemosporidian infection status. Some
studies have reported age- or sex-related influences on infec-
tion status, but these findings are mixed and contradictory.
For example, Calero-Riestra and Garcia (2016) found that
male Tawny Pipits (Anthus campestris) were more likely to
be infected than females, but Norris et al. (1994) found that
female Great Tits had higher infection rates than males. In
Seychelles Warblers (Acrocephalus sechellensis). Hammers
et al. (2016) found that Parahaemoproteus nucleocondensus
prevalence was highest in the youngest birds, decreased until
4 years of age, and then levelled off. In contrast, older Great
Tits had higher infection rates than younger birds for some
but not all lineages of Plasmodium (Isaksson et al. 2013).
Our negative findings for individual-level traits influencing
haemosporidian infection status accord with those of many
studies that found no influence of age or sex on haemospo-
ridian infection rates (Ricklefs et al. 2005; Astudillo et al.
2013; Fast et al. 2016; Matthews et al. 2016). Across a broad
range of host species and regions, hypothesized relationships
between host traits and rates of haemosporidian parasitism
have garnered only modest support.

Predicted relationships between parasite prevalence and
host traits are hypothesized to be mediated by differences in
vector exposure (Medeiros et al. 2015) or in host susceptibil-
ity owing to differences in immunocompetence. In this study,
we sampled in different habitat types to obtain a diverse sam-
ple of hosts and parasites, and sampling locations included
human-dominated habitats, early successional habitats, pine
plantations, and early-, mid-, and late-successional stands
of both upland and bottomland hardwood forests. Because
vector abundances are influenced strongly by environmental
conditions (Medeiros et al. 2015), it is plausible that vec-
tor abundances differed across sites and that across-habitat
differences in vector abundance drove vector exposure and
parasite prevalence and swamped predicted effects of host
traits. We suggest that future studies that examine the rela-
tionship between host traits and haemosporidian infections
sample within habitat types or control statistically for across-
habitat differences to reduce or control for the influence of
environmental variation on vector communities. Compared
to avian hosts, few studies have examined the relationship
between arthropod vectors and haemosporidian parasites
(Larson et al. 2017). Future studies that examine how abiotic
conditions influence the vector community and how vector
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abundance and composition and parasite prevalence in vec-
tors influence haemosporidian prevalence in avian hosts
would advance our understanding of this system.

We examined individual- and species-level host traits
that might influence rates of haemosporidian parasitism in
an avian community thorough their association with host
immune function and vector exposure. Parasite prevalence
varied among bird species and increased with host abun-
dance, but no other host traits were significant predictors
of parasitism rate. Our results do not support the hypoth-
esis that these traits are associated with parasitism rates
through their influence on host susceptibility (e.g., age, sex)
or vector exposure (e.g., nesting and foraging heights, nest
type). We hypothesize that differences in vector abundance
across habitats might have masked relationships between
host traits and haemosporidian parasitism and suggest that
future studies sample within habitats, statistically control for
habitat differences, or measure vector abundance directly.
As urbanization, habitat fragmentation, and climate change
continue to impact landscapes and their avian communities,
this host-vector-parasite system is likely to be affected (Har-
vell et al. 2002; Loiseau et al. 2013; Sehgal 2015; Liao et al.
2017). Developing predictive models that link abiotic factors
to vector abundances to parasite prevalence in birds would
help to mitigate ecological change and inform conservation
strategies.
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