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Abstract We studied avian haemosporidian parasites of
the genera Plasmodium, Haemoproteus and Leucocyto-
zoon in a riparian songbird community in Central Cali-
fornia, USA, over a period of 2 years. We sequenced a
well-characterized region of the mitochondrial cyto-
chrome b gene to identify the prevalence and diversity of
these parasites from 399 birds. Of the 39.8 % of birds
infected with haemosporidian parasites, most (30.8 %)
were infected with Plasmodium. We identified 35 lin-
eages, including 13 from the Plasmodium genus, 12 from
Haemoproteus, and 10 from Leucocytozoon, 14 of which
were novel lineages. In addition, we provide the first
report of haemosporidian infections in 13 host species.
Plasmodium prevalence ranged widely among host spe-
cies from 0.0 to 68.6 %. We identified 2 Plasmodium
lineages that were generalists, infecting multiple species
across several families. One Plasmodium species, P.
homopolare, was found in 84 individual birds represent-
ing 9 host species from 5 families, but primarily from
Emberizidae. This is the first avian haemosporidian study
utilizing molecular methods in California, which increases
our understanding of the diversity and prevalence of avian
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haemosporidia affecting Passeriformes in this region and
beyond.
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Zusammenfassung

Erste molekulare Studie zu Privalenz und Diversitit
von Vogel-Hiamosporidien einer Singvogelgemeinschaft
in Zentral-Kalifornien

Wir untersuchten zwei Jahre lang Vogel-Himosporidien der
Gattungen Plasmodium, Haemoproteus und Leucocytozoon
in einer Auwaldsingvogelgemeinschaft in Zentral-Kalifor-
nien, USA. Mittels Sequenzierung einer gut charakterisierten
Region des mitochondrialen Cytochrom-b-Gene haben wir
die Pridvalenz und Diversitidt dieser Malariaparasiten von
399 Vogeln ermittelt. Von den 39,8 % mit Himosporidien
infizierten Vogeln waren die meisten (30,8 %) mit Plasmo-
dium befallen. Wir identifizierten 35 Linien, wovon 13 der
Gattung Plasmodium angehorten, 12 der Gattung Haemo-
proteus und 10 der Gattung Leucocytozoon. 14 Linien waren
bisher unbekannt. Erstmalig wurden 13 Arten auf ihren
Hiamosporidienbefall gepriift. Die Pravalenz mit Plasmo-
dium betrug zwischen 0 und 68,6 %. Zwei der Plasmodium
Linien waren Generalisten, die mehrere Vogel-Arten bzw.
Familien infizierten. Einer dieser Generalisten, P. homopo-
lare, wurde in 84 Individuen von neun Arten aus fiinf
Familien nachgewiesen, vornehmlich aber Emberizidae.
Diese Studie ist die erste, die molekulare Methoden zum
Nachweis von Hidmosporidien in Vogeln in Kalifornien
verwendete. Diese Ergebnisse erweitern unsere Kenntnis zu
Diversitit und Priavalenz von Vogel-Hamosporidiena bei
Passeriformes in der Region und dariiber hinaus.
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Introduction

Historically, avian haemosporidian species of the genera
Plasmodium, Haemoproteus and Leucocytozoon were
identified based on morphological characteristics, as well
as the hosts within which the parasites were found, often
resulting in a “one-host—one-species” classification. More
recently, molecular studies utilizing polymerase chain
reaction (PCR) of the cytochrome b (cyt b) gene have
revealed an astounding diversity of species (Ricklefs and
Fallon 2002; Waldenstrom et al. 2002; Ricklefs et al. 2005;
Clark et al. 2014), which are quite capable of host
switching and infecting a wider range of host species than
originally thought (Waldenstrom et al. 2002; Lauron et al.
2014; Ricklefs et al. 2014). Currently, there are approxi-
mately 250 morphologically described species of Plas-
modium, Haemoproteus and Leucocytozoon (Valkilinas
et al. 2014), but recent molecular studies suggest there may
be thousands of species within these three combined genera
(Bensch et al. 2004; Outlaw and Ricklefs 2014).

These genera share a complex life cycle requiring a
susceptible vertebrate host and a competent dipteran vector
for reproduction (Garnham 1966; Valkitinas 2005; Atkin-
son 2008). However, they differ in geographical and host
range because they rely on different families of blood-
feeding vectors for transmission (Valkiinas 2005) and
present varying degrees of prevalence and virulence among
species and families of birds (Atkinson et al. 2001b;
Beadell et al. 2004; Ricklefs et al. 2005; Valkitnas 2005;
Palinauskas et al. 2008; Zehtindjiev et al. 2008; Dimitrov
et al. 2015). Avian haemosporidia have recently gained
popularity as a model study system for the ecology and
evolution of host—parasite relationships (Njabo et al. 2010;
Knowles et al. 2011; Lachish et al. 2011; Loiseau et al.
2012; Carlson et al. 2013; Dodge et al. 2013). However,
significant unresolved taxonomic issues limit the study of
these complex multiple-parasite/multiple-host systems,
including the absence of established species limits, unre-
solved intra-generic evolutionary relationships, and limited
sampling of potential hosts and geographic ranges. Rela-
tively few avian haemosporidian studies have been con-
ducted in the western United States, and in particular
California, where only a handful of microscopy studies
have been conducted over the last three-quarters of a
century (Wood and Wood 1937; Herms et al. 1939; Her-
man et al. 1954; Clark and Swinehart 1966; Super and van
Riper 1995; Martinson et al. 2008). Here, we present the
results of a descriptive, PCR-based study to quantify
haemosporidian prevalence and diversity in a California
riparian songbird community across all seasons over
2 years. Our study aims to increase the understanding of
avian haemosporidian prevalence, diversity, evolutionary
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relationships, and host and geographical range. Our goals
were to: (1) quantify the prevalence and diversity of
haemosporidians at a highly biodiverse California study
site; (2) identify variation in host-sharing among parasite
lineages identified; (3) determine which parasites are
locally transmitted; and (4) relate host—parasite associa-
tions in California to those of other geographic areas.

Methods
Study site

Sampling took place over 38 trapping days between April
2011 and January 2013, during the months of April, May,
June, October and January. Trapping took place at China
Creek Park, a 120-acre (48.5-ha) riparian habitat in the
southern Central Valley of California, approximately 16
miles (25.75 km) east of Fresno (36°44'N, 119°29'W,
120 m above sea level). The site is located in the King’s
River watershed of the Sierra Nevada mountain range, and
includes a small stream and two ponds, as well as areas of
oak grassland. China Creek Park was selected as a study
site for researching parasite—vector—host questions related
to avian malaria because of the known prevalence and
diversity of mosquito species, and the suspected diversity
of bird species, at this site. Results of the vector research,
conducted by collaborators, is being published separately
(Carlson et al. 2015).

Bird sampling

Birds were captured using mist nets. Upon capture, birds
were identified to species, weighed, measured, and banded
with a U.S. Fish and Wildlife Service numbered aluminum
band. Birds were categorized as residents or migrants based
on data from 2 websites managed by the Cornell Laboratory
of Ornithology: All About Birds, which includes range maps,
(http://www.allaboutbirds.org) and E-bird (http://ebird.org),
which includes bird species sightings for Fresno County.

We obtained 25-50 pl of blood from each bird via
brachial venipuncture, which was placed in lysis buffer
(10 mM Tris—HCL pH 8.0, 100 mM EDTA, 2 % SDS) and
stored at ambient temperature while in the field, and then
preserved at —80 °C in the laboratory until further
processing.

DNA extraction, PCR amplification, and sequencing
Parasite DNA was extracted from whole blood stored in

lysis buffer following animal tissue protocols recom-
mended for the Wizard SV Genomic DNA Purification kits
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(Promega, Madison, WI, USA). Success of each DNA
extraction was verified with primers that amplify the brain-
derived neurotrophic factor (BDNF) (Sehgal and Lovette
2003). Plasmodium and Haemoproteus spp. were detected
by nested PCR protocols that amplify sections of the
mitochondrial cyt b gene. The primers used for the first and
second reactions were HaemNF/HaemNR2 and HaemF/
HaemR2, respectively, and have been described previously
(Waldenstrom et al. 2004; Bensch et al. 2009). Presence of
Leucocytozoon spp. was determined by a nested PCR fol-
lowing the protocol described by Hellgren et al. (2004)
with two modifications: the annealing temperature was
adjusted to 54.5 °C and reactions were performed in
Accupower® PCR Pre-Mix (Bioneer, Alameda, CA,,
USA). All PCR reactions were carried out in 25 or 20 pl (in
the case of Accupower®) reactions and were accompanied
by negative (ddH,O) and positive controls (samples from
infected birds previously confirmed by sequencing and
microscopy) to control for any contamination and to con-
firm success of the PCR. The resulting PCR products were
visualized on 1.8 % agarose gels to check for positive
infections.

We purified PCR product from all positive samples and
performed bi-directional sequencing as outlined in Jasper
et al. (2014). Sequences were edited and aligned using
Sequencher 4.8 (GeneCodes, Ann Arbor, MI, USA). We
then identified sequences to genus by identifying their
closest sequence matches in GenBank via the National
Center for Biotechnology Information (NCBI) nucleotide
BLAST search. Novel lineages were defined as a lineages
that differed by 1 or more nucleotides (nt) from any lineage
deposited in GenBank prior to this study. The 1-nt differ-
ence is significant because it has been established that
“mtDNA lineages of parasites differing by as little as one
nucleotide in the cyt b gene frequently exhibit distinctly
different areas of transmission and range of host species”
(Bensch et al. 2009), and because several studies have
shown differences in virulence and vector competence
between avian haemosporidian lineages differing by only 1
nt (Palinauskas et al. 2015; Ziegyte and Valkiunas 2014).
Novel lineages found in a single individual (as opposed to
multiple individuals) were confirmed by 2 replicate PCRs
to ensure that the 1-nt difference(s) was not due to PCR
error. All sequences were deposited in GenBank™ (Ac-
cession numbers KJ482708; KJI584585-KJ584606;
KJ620777-KJ620788).

Phylogenetic analysis

Sequences were edited using Sequencher 4.8 (Gene-
Codes) and aligned using SEAVIEW software (Galtier
et al. 1996). The appropriate model of sequence evolu-
tion was determined by the software MrModeltest

(Nylander et al. 2004) to be GTR+I'+I for species of
Plasmodium and Haemoproteus, and GTR+I" for species
of Leucocytozoon. Maximum likelihood (ML) bootstrap
analyses were performed using a heuristic search con-
sisting of 100 replicates and the starting tree as a
neighbor-joining tree. ML trees for Plasmodium and
Haemoproteus were generated using RAxML (Sta-
matakis 2006), under the GTR+I'+I model. A ML tree
for Leucocytozoon was generated using RAxML under
the GTR+I" model. In all cases, a thorough ML search
was performed along with 1000 rapid bootstrap
inferences.

We based our ML phylogenetic analysis on 13 Plas-
modium spp. lineages isolated from birds sampled at China
Creek, as well as 11 reference sequences downloaded from
GenBank. The final alignment included 447 nucleotides of
the cyt b gene. Haemoproteus majoris served as outgroup.
The Haemoproteus phylogeny included 12 lineages found
at China Creek and 10 reference sequences downloaded
from GenBank. The final alignment included 439 nucleo-
tides of the cyt b gene. Leucocytozoon schoutedeni served
as outgroup. The final alignment for the lineages in the
Leucocytozoon genus was 449 nucleotides long and
included 10 lineages of the cyt b gene from China Creek
and 5 reference sequences from GenBank. Plasmodium
relictum served as outgroup. Our analyses included only
reference sequences from GenBank that have well-estab-
lished positive morphological identifications (Valkilinas
et al. 2014).

Phylogenetic reconstruction was also done using Baye-
sian Inference in MrBayes v.3.1.2 (Ronquist and
Huelsenbeck 2003) using the appropriate models of
sequence evolution described above. Two Markov Chain
Monte Carlo (MCMC) simulations were run simultane-
ously for 10 million generations with sampling every 200
generations, generating 50,000 trees. The first 12,500 trees
were discarded from the sample as the “burn-in” period,
accounting for 25 % of the trees. The remaining 37,500
trees were used to construct a majority rule consensus tree
and to calculate the posterior probabilities of the individual
clades. Because phylogenetic reconstructions using Baye-
sian Inference were consistent with that of ML, only the
ML trees are presented here.

Lineages were given names in accordance with the
proposed lineage naming criteria discussed by participants
at the 2013 Malaria and Related Haemosporidian Parasites
of Wildlife Research Coordination Network meeting, Vil-
nius, Lithuania. Lineage names reflect a code for the host
from which the parasite was first obtained (we used the
Institute for Bird Populations’ standardized 4-letter alpha
code by English name), the locality code (CA for Cali-
fornia, in our case), the initials of the person that collected
the sample, and a unique assigned code for the parasite
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lineage that would also reflect to which genus the parasite
belongs (i.e., P for Plasmodium).

Genetic distance was calculated in PAUP using the
uncorrected-p model of sequence evolution per Mr.
Modeltest.

Statistical analysis

For the prevalence and parasitemia values, 95 % Bayesian
credible intervals were calculated. Credible intervals were
calculated using the inverse of the cumulative distribution
function of the beta distribution in R (i.e., gbeta) (Bolker
2008) where the shape 1 parameter was specified as m + 1
and the shape 2 parameter was specified as n — m + 1,
where m was the number of positive samples and n was the
total sample size. Prevalence data (% of infected individ-
uals in sample) throughout the rest of this paper are fol-
lowed by a 95 % Bayesian credible interval in parentheses,
which indicates a 95 % probability that the actual preva-
lence falls within the Bayesian credible interval. Fisher’s
exact test was used to compare numbers of infected and
uninfected individuals in different samples.

We defined our minimum sample size, n, for analysis as
20 based on the work of Jovani and Tella (2006), which
showed that the standard error rapidly decreases as the
sample size reaches 10-20 individuals, but does not
decrease much further with increased sample sizes.

Results
Parasite prevalence

We captured 399 birds representing 46 species and 16
families. Twenty-three of those individuals were
recaptured between 1 and 5 times during the study, and
were only sampled if a minimum of 3 days had passed
since their most recent capture. Because individuals are
known to gain, as well as lose, infections over their
lifetimes (Valkitinas 2005), data from recaptured indi-
viduals were included in our analysis. Overall, 159 of
399, or 39.8 % (35.1-44.6 %) of captures were infected
with Plasmodium, Haemoproteus, Leucocytozoon, or
some combination of these genera. Plasmodium infec-
tions were found in 123 birds, or 30.8 %, (26.4—
35.4 %). Only 22 birds, or 5.5 % (3.7-8.2 %), were
infected with Haemoproteus, and 21 birds, or 5.3 %
(3.5-7.9 %), were infected with Leucocytozoon
(Table 1). Seven birds were found to harbor inter-gen-
eric (e.g., Plasmodium—Leucocytozoon) co-infections
based on PCR positives; 2 individuals infected with
Plasmodium displayed sequences with double-peaks,
suggesting intra-generic co-infections.

@ Springer

Prevalence and 95 % Bayesian Credible Intervals were
quantified for 7 host species for which we had a sample
size of 20 or greater. Plasmodium prevalence ranged from
0.0 % (0.1-10.9 %) in Bushtits (Psaltriparus minimus)
(n=31) to 68.6 % (54.9-79.7 %) in Song Sparrows
(Melospiza melodia) (n = 51). Of these 7 host species,
only Lincoln’s Sparrows (Melospiza lincolnii) (n = 22)
were infected with Haemoproteus (4.5 %; 1.1-21.9 %).
Only House Wrens (Troglodytes aedes) (n = 22) and
Lincoln’s Sparrows were infected with Leucocytozoon. The
prevalence in House Wrens was 4.5 % (1.1-21.9 %), and
in Lincoln’s Sparrows was 13.6 % (5.0-33.6 %). Because
the sample sizes in these 7 species ranged from 20 to
68, we tested the strength of the correlation between
sample size and Plasmodium prevalence and found that
sample size was a moderate predictor of prevalence, with
R* = 0.6064.

We sampled 165 migratory, and 234 resident, individ-
uals. Plasmodium was significantly more prevalent in res-
ident species (44.4 %; 38.2-50.9 %) compared to migrants
(11.5 %; 7.5-17.3 %) (P < 0.001). In contrast, Haemo-
proteus was significantly more prevalent (P < 0.05) in
migrants (12.1 %; 8.0-18.0 %) compared to residents
(0.9 %; 0.3-3.0 %), as was Leucocytozoon: 10.9 %
(7.0-16.6 %) for migrants and 1.3 % (0.5-3.7 %) for res-
idents (P < 0.05).

Parasite diversity

We found 13 lineages of Plasmodium at China Creek
infecting 18 bird species from 10 families. Two of the
Plasmodium lineages appear to be generalists (Table 2),
which we define as a lineage infecting multiple species
across several families. One of these two generalists,
recently described as P. homopolare (Walther et al. 2014),
infected 84 birds representing 9 host species from 5 fam-
ilies. Four of the 9 species, and over 80 % of the individ-
uals infected with this parasite, were in the Emberizidae
family. Of the 31 % of birds at China Creek infected with
Plasmodium, 68 % were infected with P. homopolare; in
other words, 1 in 5 birds at China Creek was infected with
P. homopolare. The other generalist, Plasmodium cathe-
merium (designated as lineage SPTO_CA_ELW_6P), was
found in 6 bird species from 3 families. By querying the
MalAvi database, we identified 4 host species not previ-
ously found to be infected by Plasmodium: Lincoln’s
Sparrow, Brown-headed Cowbird (Molothrus ater), Lazuli
Bunting (Passerina amoena) and Black-headed Grosbeak
(Pheucticus melanocephalus). Two Plasmodium lineages
found at China Creek, CLSW_CA_ELW_1P and
HOWR_CA_ELW_2P, differed by 1 and 6 nt, respectively,
from any lineage in GenBank, and could be new lineages
or species.
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Table 1 Prevalence of avian
haemosporidia in host birds
sampled at China Creek Park,
including sample size (n), and
number of individuals infected
with Plasmodium,
Haemoproteus and
Leucocytozoon (P, H, and L,
respectively) for each family
and host species

Bird family and species n P % H % L %
Aegilthalidae 31 0 0.0 0 0.0 0 0.0
Psaltriparus minimus 31 0 0.0 (0.1-10.9) 0 0.0 (0.1-10.9) 0 0.0 (0.1-10.9)
Cardinalidae 10 2 - 3 - 2 -
Passerina amoena 5 1 - 0 - 0o -
Pheucticus melanocephalus 5 1 - 3 - 2 -
Corvidae 2 2 - 0 - 1 -
Aphelocoma californica 2 2 - 0 - 1 -
Emberizidae 146 84 575 3 21 6 4.1
Junco hyemalis 1 0 - 1 - 0o -
Melospiza lincolnii 22 3 13.6 (5.0-33.6) 1 50(@1.1-219) 3 13.6 (5.0-33.6)
Melospiza melodia 51 35 68.6 (54.9-79.7) 0 0.0 (0.0-6.8) 0 0.0 (0.0-6.8)
Passerculus sandwichensis 1 0 - 0 - 1 -
Passerella iliaca 6 3 - 1 - 2 -
Pipilo maculatus 63 42 66.7 (54.3-77.1) 0 0.0 (0.0-5.6) 0 0.0 (0.0-5.6)
Zonotrichia leucophrys 2 1 - 0 - 0o -
Fringillidae 10 3 - 2 - )
Carduelis psaltria 2 0 - 0 - 0o -
Carpodacus mexicanus 6 3 - 2 - 1 -
Spinus lawrencei 2 0 - 0 - 0o -
Hirundinidae 27 13 482 0 0.0 0 0.0
Petrochelidon pyrrhonota 20 6 30.0 (14.6-52.2) 0 0.0 (0.1-16.1) 0 0.0 (0.1-16.1)
Tachycineta bicolor 7 0 - 0 - 0o -
Icteridae 32 6 18.8 1 31 0 0.0
Molothrus ater 11 2 - 1 - 0o -
Agelaius phoeniceus 21 4 19.1 (7.8-40.3) 0 0.0 (0.1-154) 0 0.0 (0.1-15.4)
Parulidae 34 9 26.5 3 88 3 88
Dendroica coronata 2 0 - 0 - 0o -
Dendroica townsendi 1 0 - 0 - 0o -
Geothlypis tolmiei 1 0 - 1 - 0o -
Geothlypis trichas 14 8 - 0 - 0o -
Oreothlypis celata 1 0 - 0 - 0o -
Setophaga coronata 2 0 - 0 - 1 -
Setophaga petechia 30 - 0 - 1 -
Wilsonia pusilla 10 1 - 2 - 1 -
Picidae 30 - 0 - 0o -
Melanerpes formicivorus 1 0 - 0 - 0o -
Picoides nuttallii 1 0 - 0 - 0o -
Picoides pubescens 1 0 - 0 - 0o -
Regulidae 9 0 - 0 - 1 -
Regulus calendula 9 0 - 0 - 1 -
Sittidae 1 1 - 0 - 0o -
Sitta carolinensis 1 1 - 0 - 0o -
Sturnidae 2 0 - 0 - 0o -
Sturnus vulgaris 2 0 - 0 - 0o -
Troglodytidae 23 8 34.8 0 0.0 1 43
Cistothorus palustris 1 0 - 0 - 0o -
Troglodytes aedon 22 8 36.4 (19.7-57.3) 0 0.0 (0.1-148) 1 5.0 (1.1-21.9)
Turdidae 17 2 - 1 - 4 -
Catharus guttatus 7 0 - 0 - 3 -
Catharus ustulatus 8 1 - 1 - 1 -
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Table 1 continued

Bird family and species n P % H % L %
Turdus migratorius 2 1 - 0 - 0o -
Tyrannidae 41 0 0.0 0 0.0 1 24
Contopus sordidulus 50 - 0 - 0o -
Empidonax difficilis 2 0 - 0 - 0o -
Empidonax hammondii 0 - 0 - 1 -
Empidonax traillii 8 0 - 0 - 0o -
Mpyiarchus cinerascens 10 0 - 0 - 0o -
Sayornis nigricans 13 0 - 0 - 0o -
Sayornis saya 1 0 - 0 - 0o -
Tyrannus verticalis 1 0 - 0 - 0o -
Vireonidae 11 0 - 9 8.8 1 -
Vireo gilvus 11 0 - 9 81.8 I -
Totals 399 123 30.8 22 55 21 53

Host families and species with n > 20 are indicated in bold font and include percent of individuals infected,
followed by the 95 % Bayesian Credible Interval in parentheses

Twelve lineages of Haemoproteus at China Creek
affected 10 host species from 7 families. Sample sizes for
Haemoproteus lineages ranged from 1 to 4 and generally
infected 1 to 3 host species from 1 or 2 families; however,
the small sample sizes of individual Haemoproteus lin-
eages observed prevent us from inferring host range for
these lineages. By querying the MalAvi database, we
identified 3 host species not previously found to be infected
by Haemoproteus: MacGillivray’s Warbler (Geothlypis
tolmiei), Brown-headed Cowbird, and Black-headed
Grosbeak. Seven of the 12 lineages were novel and differed
by at least 1 nt from any lineage in GenBank.

Ten Leucocytozoon lineages, with sample sizes ranging
from 1 to 5, were found in 15 host species from 10 families.
While seven Leucocytozoon lineages were found in only
1-2 individuals, the small sample sizes of individual Leu-
cocytozoon lineages prevent us from inferring host range
for these lineages. Three lineages infected 2 or more spe-
cies from 2 or more families. A Leucocytozoon lineage
sampled from 5 individuals infected 5 host species from 5
host families, suggesting this genera includes generalists, a
characteristic more often associated with Plasmodium than
with Leucocytozoon. By querying the MalAvi database, we
identified 6 host species not previously found to be infected
by Leucocytozoon: Western Scrub Jay (Aphelocoma cali-
fornica), House Finch (Haemorhous mexicanus), Lincoln’s
Sparrow, Black-headed Grosbeak, Ruby-crowned Kinglet
(Regulus calendula), and Warbling Vireo (Vireo gilvus).
Seven of the 10 lineages differed by at least 1 nt from any
lineage in GenBank.

No host species, except the Warbling Vireo, was
observed to be parasitized by more than 3 lineages of
parasite within any of the haemosporidia genera. War-
bling Vireos were infected with 5 Haemoproteus
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lineages ranging in genetic distance from one another
from 0.2 to 3.9 %, and with a mean of 2.7 %. Nine of 11
(82 %) Warbling Vireos sampled were infected with
Haemoproteus; this represents 40.9 % (9 of 22) of
Haemoproteus infections observed in our sample. Only
one bird species for which we had a sample size greater
than 20, the Common Bushtit (Psaltriparus minimus;
n = 31), was observed to not be infected by any of the 3
haemosporidia genera.

A significantly greater diversity of Haemoproteus and
Leucocytozoon parasites was found in migrants compared
to residents (P < 0.05). Eleven distinct lineages of Hae-
moproteus were found in migrants (n = 165), compared to
1 lineage in residents (n = 234). The single Haemoproteus
lineage found in a resident, isolated from a single House
Finch, was not found in any migrant bird species. Nine
distinct lineages of Leucocytozoon were found in migrants,
compared to 2 lineages in residents. One Leucocytozoon
lineage was found in both migratory and resident species.
Migrants and residents had an equally diverse assemblage
of Plasmodium parasites, with 8 lineages found in each
group, and 3 lineages shared between migrants and
residents.

Phylogenetic analysis

Phylogenetic relationships of Plasmodium, Haemoproteus
and Leucocytozoon parasite lineages found at China Creek
are shown in Figs. 1, 2 and 3. Although our phylogenetic
trees are well supported only at the outer nodes, they
provide insight into the diversity of lineages found in
California and their relationships to known morphospecies
of the same genus.
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Fig. 1 Maximum Likelihood phylogenetic reconstruction for parasites of the genus Plasmodium found at China Creek and reference sequences
from GenBank. Lineages in bold are those that were found at China Creek (GenBank accession numbers KJ482708; KJ620777-KJ620792)

Locally-transmitted parasites

Based on data from concurrent isolations from mosquitoes
captured at China Creek, we found that 7 Plasmodium
lineages were transmitted locally based on their presence in
the local mosquito population (Carlson et al. 2015).
One additional Plasmodium lineage (LISP-SOSP._-
CA_ELW_9P) was identified in hatch year (HY) birds.
Because HY birds have not yet migrated from their

breeding grounds, we know that they were infected locally
at China Creek. We also found 3 lineages of Haemoproteus
(FOSP_CA_ELW_3H; HOFI_CA_ELW_4H; LISP_-
CA_ELW_5H) and 2 of Leucocytozoon (FOSP_-
CA_ELW_10L; LISP_CA_ELW_9L) that were locally
transmitted, based on their presence in HY birds. Although
blackflies (Diptera: Simuliidae) were collected concur-
rently at China Creek, none were found to be infected with
Leucocytozoon (Carlson, personal communication).
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Fig. 2 Maximum Likelihood phylogenetic reconstruction for parasites of the genus Haemoproteus found at China Creek and reference
sequences from GenBank. Lineages in bold are those that were found at China Creek (GenBank accession numbers KJ584595-KJ584606)

Discussion
Parasite prevalence

Relative prevalences of Plasmodium, Haemoproteus and
Leucocytozoon differed at China Creek from the majority
of previous California studies of similar sampling effort.
Plasmodium (30.5 %) was much more prevalent than
Haemoproteus (5.8 %) and Leucocytozoon (5.3 %) at
China Creek, in contrast to previous California studies,
which reported prevalences of Plasmodium ranging from

@ Springer

less than 4.0 to 11.9 % (Herman et al. 1954; Clark and
Swinehart 1966; Super and van Riper 1995; Martinson
et al. 2008). One likely reason for this is that previous
California studies relied solely on microscopy and some-
times from a single blood smear prepared from each bird
examined. Numerous papers have compared the use of
microscopy versus PCR in prevalence studies (Jarvi et al.
2002; Richard et al. 2002; Fallon et al. 2003; Hellgren et al.
2004; Ricklefs et al. 2005; Valkianas et al. 2006; Fallon
and Ricklefs 2008; Garamszegi 2010; Valkitinas et al.
2014). Most researchers can agree that, while comparable
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Fig. 3 Maximum Likelihood phylogenetic reconstruction for parasites of the genus Leucocytozoon found at China Creek and reference
sequences from GenBank. Lineages in bold are those that were found at China Creek (GenBank accession numbers KJ584585-KJ584594)

prevalence results can be obtained for microscopy and PCR
for all three genera, successful identification of haemo-
sporidians by microscopy is highly dependent on the
quality of blood smears and the skill and experience of the
observer (Valkitnas et al. 2008; Valkitnas et al. 2014).
Avian haemosporidian infection dynamics include a
brief pre-patent period in which the parasites are found
only in the host tissues, followed by a patent stage that
begins with a short acute infection lasting on the order of
weeks and characterized by high parasitemia, followed by
an indefinite period of chronic infection characterized by

low parasitemia (Garnham 1966; Valkitinas 2005; Atkin-
son, 2008). Researchers are most likely to trap a bird
during the chronic infection because this period is rela-
tively long and the bird is more likely to be active than
during the acute infection. In fact, the acute stage of
Plasmodium is relatively short, and the parasitemia level
during chronic infections relatively low, compared to other
haemosporidians (Greiner et al. 1975; Valkidinas 2005),
making morphological detection especially challenging. In
addition, some morphological studies from California did
not indicate the time of year during which sampling
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occurred (Clark and Swinehart 1966; Super and van Riper
1995). This is significant because parasitemias can be light
or absent during early spring and/or late fall migrations; in
fact, Plasmodium spp. are unlikely to be found in hosts in
early spring and late fall in the Holarctic region using
microscopic examination of blood films (Valkitinas 2005).
Other possible reasons why our study detected a much
higher prevalence of Plasmodium than previous California
studies include the differences in geographical sampling
area, host community structure, and vector communities at
different study sites. It must be noted that the China Creek
site is located among several ponds, which serve as
breeding grounds for mosquitoes (Carlson et al. 2015), and
this may account for the high prevalence of Plasmodium.

The high degree of variability (0.0-68.6 %) in Plas-
modium prevalence among resident China Creek bird
species may reflect differential susceptibilities among
avian families and possibly species, which has been shown
in previous studies (Valkitinas 2005). Interestingly, Lin-
coln’s Sparrows had a relatively low prevalence of 13.6 %,
and are in the same family as Song Sparrows and Spotted
Towhees, which had much higher prevalences of 68.6 and
66.7 %, respectively. Lower prevalence in infection in the
Lincoln’s Sparrow may be due to the fact that the species is
a wintering migrant in China Creek, whereas Song Sparrow
and Spotted Towhee are year-round residents and more
likely exposed to local spring and summertime vector
transmission of, particularly, P. homopolare, which was the
most prevalent Plasmodium species in the China Creek
songbird community. Of all Plasmodium infections in Song
Sparrows and Spotted Towhees, 82.9 and 83.3 %, respec-
tively, were P. homopolare.

One species, the Common Bushtit (n = 31), was not
infected with any of the 3 genera of haemosporidia
addressed in this study. Given that 58 % (18/31) of Com-
mon Bushtits were sampled during late spring and early
summer, when mosquito abundance is highest, we suspect
our negative finding indicates this host species has low
susceptibility to Plasmodium infections. Haemoproteus and
Leucocytozoon infections were relatively rare at China
Creek, so these parasite genera in infected individuals may
have been missed by random chance. Previous California
studies found Haemoproteus in Common Bushtits
(Martinson et al. 2008; Super and van Riper 1995), sug-
gesting the limited sample size or lack of competent vector
at China Creek, rather than an innate or acquired immunity,
are likely reasons we did not observe Haemoproteus in this
species. As for the lack of observed Plasmodium infections
in this species, it is possible that PCR failed to detect an
infected Common Bushtit because PCR only detects
haemosporidian infections present in the peripheral blood.
Because chronic infections can persist in individuals
through periods in which the parasites recede into tissues,

@ Springer

both PCR and microscopy can fail to detect infected hosts.
For that reason, some researchers recommend antibody
screening, which can detect chronic infections that were
once present in the blood (Atkinson et al. 2001a, b; Jarvi
et al. 2002). However, a query of the MalAvi database
(Bensch et al. 2009) showed no record of infection of this
host species by Plasmodium, Haemoproteus or
Leucocytozoon.

We found that Plasmodium was significantly more
prevalent in resident birds than in migrants, but that the
opposite was true for Haemoproteus and Leucocytozoon.
One reason could be that migratory birds infected with
Plasmodium lacked the fitness required to reach China
Creek; however, this is difficult to gauge as studies have
shown both high variability in the effect of Plasmodium
species on individual hosts (Zehtindjiev et al. 2008; Cor-
nelius et al. 2014) as well as differences among haemo-
sporidian genera in terms of their development in, and
effects on, hosts (Valkiinas 2005). The majority of
migratory species sampled in our study are present at China
Creek in late spring and summer, at the height of vector
abundance. A combination of vector competence (Carlson
et al. 2015) and parasite diversity probably account for
local transmission effects.

Parasite diversity

As expected, for reasons explained earlier in this Discus-
sion, parasite diversity at China Creek differed from that
identified in earlier California studies of similar effort and
scope (i.e., at least 300 passerines and near-passerines
sampled), particularly for Plasmodium. We found 13 lin-
eages of Plasmodium, 12 of Haemoproteus and 10 of
Leucocytozoon, whereas Herman et al. (1954), who only
studied Plasmodium, identified 8 lineages; Super and van
Riper (1995) identified 1 Plasmodium lineage, 10 Hae-
moproteus lineages, and 7 Leucocytozoon lineages; and,
Martinson et al. (2008) identified 2 Plasmodium lineages, 5
Haemoproteus lineages and 2 Leucocytozoon lineages.
Diversity of Plasmodium parasites found at China Creek
was comparable to a 4-year study in Missouri, USA, which
utilized PCR to identify 8 lineages of Plasmodium and 12
of Haemoproteus, but found no Leucocytozoon (Ricklefs
et al. 2005). Some PCR-based, multi-year community-level
studies have been published from the Neotropics and Asia
(Ishtiaq et al. 2007; Svensson-Coelho et al. 2013; Fecchio
et al. 2013); however, comparisons are difficult because the
prevalence and diversity of the three haemosporidian
genera vary geographically and by host family (Valkitinas
2005).

The 2 most common lineages found at China Creek were
of the genus Plasmodium and were generalists that infected
multiple host species across multiple families.
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P. homopolare (Walther et al. 2014) infected 84 individ-
uals representing 9 different species from 5 different
families. The second most abundant lineage, Plasmodium
cathemerium (SPTO_CA_ELW_6P), infected 18 individ-
uals representing 6 species from 3 families. This is in
contrast to a study in which the 2 most common lineages
(one each from Plasmodium and Haemoproteus) in a
passerine bird community were each nearly restricted to a
single host species (Ricklefs et al. 2005). However, the
authors point out that these lineages are exceptions within
their dataset and that increased sampling of individuals
within a host species positively correlates with the number
of infections of the lineage sampled. With the exception of
the 2 generalist Plasmodium lineages and 2 generalist
Leucocytozoon lineage found at China Creek, all other
lineages from our study site infected 1-3 host species
representing 1 to 2 families. Had we increased our sam-
pling effort and identified additional infections from these
lineages, we may have seen less host-specificity at the
species level.

Because our study utilized only PCR, and not micro-
scopy, there are several caveats associated with this
methodology that could bias our lineage diversity results.
First, the development of Plasmodium spp. and related
haemosporidians can be abortive in resistant or partly
resistant hosts, resulting in no development of gameto-
cytes (Valkitinas et al. 2011; Cannell et al. 2013). This
can happen when (1) sporozoites are inoculated by a
vector into the blood but are incapable of cellular inva-
sion, so remain in the circulation for some time, or (2)
remnants of tissue meronts, the development of which
was aborted before the gametocyte stage, are produced
and remain in hosts, serving as a PCR template. In both
cases, the bird would be scored as infected by PCR when,
in fact, it might not be a competent host of the parasite.
Therefore, conclusions regarding the full range of avian
hosts would require microscopic examination of blood
films in addition to comparison of molecular results.
Second, PCR masks co-infections, which are common in
wild birds, and the presence of double peaks on sequence
chromatograms cannot be relied upon to indicate the
presence of co-infections (Pérez-Tris and Bensch 2005).
In such cases, secondary light infections can be prefer-
entially amplified (Valkitinas et al. 2006), which can only
be confirmed via microscopy. This means that certain
very common lineages that occur with undetected (by
PCR) co-infections could be the result of preferential PCR
amplification and may reflect high detection, rather than
high prevalence. Conversely, apparently uncommon lin-
eages that occur with co-infections could be higher than
detected in our study. The use of microscopy and the
development of primers that can amplify specific lineages
would shed light on this issue.

Fourteen lineages across the 3 avian haemosporidian
genera differed by at least 1 nt from any lineage in Gen-
Bank, and could be new lineages or species. Currently, there
is no single definition of a species in terms of genetic dif-
ference for haemosporidian parasites (Perkins 2014). Ide-
ally, studies of wild birds utilize PCR and microscopy, in
order to maximize detection of parasites and identification
to morphospecies. However, when morphological analysis
is lacking, nt differences of as little as 1 base pair have been
used to delineate lineages (Bensch et al. 2000, 2004; Hell-
gren 2005) and have been found to have important impacts,
for example, on virulence (Palinauskas et al. 2015) and
vector competence (Ziegyté and Valkiiinas 2014).

The Haemoproteus lineage diversity seen in Warbling
vireos (5 lineages in 9 infected individuals) was unique to
this species. Based on the close phylogenetic groupings of
the lineages found in Warbling Vireos (Fig. 2), their rela-
tively small genetic distances, and their presence in a
common host species, it seems likely that these 5 parasite
lineages represent polymorphisms of 1 or 2 Haemoproteus
species. The other 4 Haemoproteus lineages found at China
Creek differ from Pa. vireonis by 3 to 10 nt. Because these
lineages infected only Warbling Vireos, and no other host
species in our sample, it is tempting to infer that these
lineages specialize on Vireonidae. In fact, one Haemo-
proteus lineage affecting Warbling Vireos in our sample is
a 100 % match to the morphospecies Parahaemoproteus
vireonis, found in the Red-eyed Vireo (Vireo olivaceus) in
Colombia (Gonzalez et al. 2015); however, it is also a
100 % match to a Haemoproteus species found in the Blue-
backed Manaquin (Chiroxiphia pareola) in Peru, a species
in the Pipridae family (Parahaemoproteus is one of two
sub-genera of Haemoproteus; Bennett et al. 1965).

We expected to find a higher diversity of parasites in
migratory birds than in resident birds at our study site,
since migratory birds encounter parasites in multiple
ecosystems each year, whereas residents only encounter
parasites in one ecosystem (Mgller and Erriyzge 1998), and
possibly parasites carried by migrants. We found this to be
the case for Haemoproteus and Leucocytozoon, but not
Plasmodium, infections. Competent vectors for Haemo-
proteus and Leucocytozoon may be lacking at China Creek,
resulting in a limited number of resident birds infected with
these genera.

Phylogenetic analysis

A high diversity of haemosporidian parasites is shown in
our trees (Figs. 1, 2, 3).

In addition, the figures allow us to infer how poorly
parasite and host family relationships phylogenies corre-
spond. In Fig. 1, for example, several parasite lineages
infecting Cliff Swallows are paraphyletic, as are 2 lineages
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infecting House Wrens. Similar patterns can be seen in
Figs. 2 and 3. This has also been shown in previous work,
and likely reflects these parasites’ capacity for host-
switching (Ricklefs and Fallon 2002; Ricklefs et al. 2004,
2014; Lauron et al. 2014).

Overall, this study reveals high prevalence and diversity
of Plasmodium lineages, and high diversity of Haemoproteus
and Leucocytozoon lineages, in California riparian songbirds.
By examining a wide range of host species, we were able to
report on the parasite—host community structure at China
Creek Park, including the prevalence and diversity of lin-
eages across host species. Many of the lineages identified
have not been reported previously in California and/or in
certain of the host species in our study. These new data
should contribute to resolution of the taxonomic relationships
of avian haemosporidia, as well as their relationships to hosts
and geographical range, and provide a basis for further
evolutionary and ecological study of avian haemosporidian
in California riparian songbird communities.
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