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Ecography Identifying the mechanisms driving the distribution and diversity of parasitic
41:505-515, 2018 organisms and characterizing the structure of parasite assemblages are critical to
doi: 10.1111/ecog.03058 understanding host—parasite evolution, community dynamics, and disease transmission

risk. Haemosporidian parasites of the genera Plasmodium and Haemoproteus are a
Subject Editor: Corrie Moreau diverse and cosmopolitan group of bird pathogens. Despite their global distribution,
Editor-in-Chief: Miguel Aratjo the ecological and historical factors shaping the diversity and distribution of these
Accepted 19 March 2017 protozoan parasites across avian communities and geographic regions remain unclear.

Here we used a region of the mitochondrial cytochrome & gene to characterize the
diversity, biogeographical patterns, and phylogenetic relationships of Plasmodium and
Haemoproteus infecting Amazonian birds. Specifically, we asked whether, and how,
host community similarity and geography (latitude and area of endemism) structure
parasite assemblages across 15 avian communities in the Amazon Basin. We identified
265 lineages of haemosporidians recovered from 2661 sampled birds from 330 species.
Infection prevalence varied widely among host species, avian communities, areas
of endemism, and latitude. Composition analysis demonstrated that both malarial
parasites and host communities differed across areas of endemism and as a function of
latitude. Thus, areas with similar avian community composition were similar in their
parasite communities. Our analyses, within a regional biogeographic context, imply
that host switching is the main event promoting diversification in malarial parasites.
Although dispersal of haemosporidian parasites was constrained across six areas of
endemism, these pathogens are not dispersal-limited among communities within
the same area of endemism. Our findings indicate that the distribution of malarial
parasites in Amazonian birds is largely dependent on local ecological conditions and
host evolutionary relationships.
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Introduction

Parasites and pathogens can play an important role in
structuring biological communities and maintaining bio-
diversity (Daszak et al. 2000, Ricklefs 2010). For instance,
parasites can influence interactions among competitors and
predators (Hatcher et al. 2006), impact the host extinction
dynamics (McCallum and Dobson 1995), affect ecosystem
functioning and productivity (Hudson et al. 2006), and the
success of introduced host species in their non-native range
(Torchin et al. 2003). However, the processes structuring
these often-hidden communities of parasites and pathogens
remain poorly understood, especially when the parasite com-
munity is highly diverse and its taxonomic composition is
not well established. Therefore, characterizing the structure
of parasite associations is the first step in understanding
host—parasite evolution, community dynamics, and disease
transmission risk.

Ecological factors may shape parasite assemblage struc-
ture because of their potential influence on colonization and
extinction of these organisms (Poulin 1997, 2007, Clayton
etal. 2016). For example, for free-living organisms, similarity
in species composition among communities decreases with
increasing geographic distance (Nekola and White 1999),
and this ecological pattern has also been demonstrated for
parasites (Poulin 2003). This increasing dissimilarity in para-
site assemblages with increased geographic distance could be
caused by two mechanisms: 1) a decrease in environmental
similarity with distance (e.g. gradients in temperature and
precipitation, turnover of host species, genetic differences
within a host species) or 2) limits to dispersal (Nekola and
White 1999). Historical factors have also been implicated
as a determinant of parasite richness. For instance, para-
sites shifting from co-occurring hosts are more likely to
invade and colonize a new host species that is closely related
to their current host, therefore similarity and relatedness
of hosts within a community may shape its parasite fauna
(Poulin 1997, Ricklefs et al. 2014). If evolutionary history
of hosts constrains parasite diversity, then one might expect
closely related hosts to harbor parasite lineages that are more
phylogenetically close than expected by chance.

Avian Haemosporida from the genera Plasmodium and
Haemoproteus comprise a diverse group of blood parasites that
infect birds on all continents, except Antarctica (Valkiiinas
2005). These intracellular parasites reproduce sexually in
hematophagous female mosquitos (Diptera: Culicidae),
biting midges (Diptera: Ceratopogonidae), and hippoboscid
flies (Diptera: Hippoboscidae) (Valkitnas 2005, Santiago-
Alarcon et al. 2012), which act as vectors of Plasmodium,
Haemoproteus  (Parahaemoproteus), —and — Haemoproteus
(Haemoproteus), respectively (Valkitinas 2005, Santiago-Alar-
con et al. 2012). The prevalence, distribution, and diversity of
these blood parasites are highly variable across biogeographi-
cal regions (Valkinas 2005, Clark et al. 2014, Drovetski et al.
2014), habitats (Mendes et al. 2005, Loiseau et al. 2012), and
host species in the same community (Ricklefs et al. 2005,
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Fecchio et al. 2013, Svensson-Coelho et al. 2013). Despite
this variation, these micro-parasites and their vertebrate hosts
are not randomly distributed and can exhibit predictable dis-
tributional patterns (Rahbek and Graves 2001, Ishtiaq et al.
2010). For instance, Fallon et al. (2003a) found marked host
species effects on haemosporidian distributions on islands of
the West Indies, with the central islands of this archipelago
sharing similar parasite lineages and the peripheral islands
harboring well differentiated parasite communities (Fallon
etal. 2005). These results indicate that either ecological traits
related to hosts (i.e. host’s capability to resist and control
infection or differential exposure to parasites), geography (i.e.
long periods of isolation), or a combination of the two were
the main drivers of distribution and diversity of these para-
sites. It is therefore important to determine how host ecologi-
cal traits and geography promote variation in the distribution,
diversity, and host specialization of these pathogens across
avian communities and biogeographical regions to predict
and understand emerging infectious diseases.

Amazonia is the largest and most diverse tropical forest
harboring more than 1300 bird species (Silva et al. 2005).
One of the most accepted hypothesis to explain this aston-
ishing diversity is that successive vicariance events, driven by
river dynamics, fragmented the biota and promoted allopatric
speciation (Ribas et al. 2012). Moreover, many studies have
shown that the rivers of the Amazonian basin are major isola-
tion barriers for current plant and animal communities and
delineate species distributions in several vertebrate and plant
groups (Silva et al. 2005), establishing what is known as areas
of endemism. Areas of endemism have been proposed based
mainly on terrestrial vertebrate distribution patterns, with
eight major areas recognized so far: Napo, Imeri, Guiana,
Inambari, Rondénia, Tapajés, Xingu and Belém (Silva et al.
2005). However, the factors that influence the diversity and
distribution of pathogens in their vertebrate hosts, such as
avian malaria, either within a single host clade or across areas
of endemism within Amazonia are unexplored.

Here we used a region of the mitochondrial cytochrome
b (cyt b) gene to delineate parasite lineages of the genera
Haemoproteus and Plasmodium and examined spatial patterns
of prevalence of each genus across six areas of endemism
in the Amazon Basin. We then described the phylogenetic
relationships of these haemosporidian parasites and tested
whether host family had significant phylogenetic signal on
the evolutionary history of Haemoproteus and Plasmodium
within Amazonia. Finally, we tested whether the diversity and
distribution of avian haemosporidian lineages in 15 avian
host communities are structured with respect to: 1) the diver-
sity and distribution of their avian hosts, 2) latitude, and 3)
area of endemism in this megadiverse tropical ecosystem. We
hypothesize that the dynamics of haemosporidian communi-
ties change across areas of endemism. Therefore, we expect
to find differences in composition and prevalence of para-
sites among areas. However, since hosts, and not the environ-
ment, are the real habitats for haemosporidians, we predict
that their distribution will follow host species” distributions.



Lastly, since allopatric speciation is the main mechanism pro-
moting diversity, we do not expect closely related parasites to
be sympatrically distributed more than expected by chance.

Methods

Sample collection

We collected blood (88% of all samples) or liver tissue (12%)
from 2661 individual birds sampled from 25 localities in six
Amazonian areas of endemism (Fig. 1, Supplementary mate-
rial Appendix 1 Table Al). Due to low sample size in some
localities, we considered the avian hosts as a single commu-
nity if the localities were in the same side of the river in a
continuous forest and closer than 50 km. Therefore, our final
analyses comprise 15 communities (Supplementary material
Appendix 1 Table Al). Netted birds were bled by brachial
venipuncture and blood was collected with heparinized capil-
lary tubes. After blood collection, birds were either ringed
and released or euthanized and prepared as museum speci-
mens. Birds not likely to be captured by mist nets were col-
lected by firearm in accordance to corresponding permits.
Liver samples were taken during specimen preparation. All
blood samples except those collected at Gurupi were stored
in 95% ethanol until DNA extraction. Blood and liver tissue
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collected at Gurupi were flash frozen in liquid nitrogen and
stored frozen until DNA extraction. All tissue samples and
birds were collected or ringed under appropriate permits in
Brazil.

Molecular detection of parasites

Samples collected from Chupinguaia, Comodoro, Madeira
River, and Porto Trombetas collection sites were screened and
amplified following the protocols of Fallon et al. (2003b)
and Waldenstrom et al. (2004). For all other samples blood
or liver were processed, screened, and analyzed using the
following molecular methods.

DNA was extracted using the Qiagen DNeasy 96 Blood
and Tissue kit (Qiagen, Valencia, CA), following the modi-
fied Qiagen tissue protocol described by Bell et al. (2015).
To check extraction quality and guard against false nega-
tives, a subset of 20 random samples were amplified using
the vertebrate cytochrome & primers described by Townzen
et al. (2008) prior to haemosporidian screening. All samples
successfully amplified host DNA. The protocols of Bell et al.
(2015) were used to both initially screen samples for haemo-
sporidian DNA with real-time PCR and then to amplify a
477 bp region of the cytochrome & gene from positive samples
using nested PCR. All real-time PCRs were carried out using
iTaq universal SYBR Green Supermix on a CFX96 real-time
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Figure 1. Map of Brazilian Amazonia with 25 sampling locations. Detailed locations (coordinates), number of individuals sampled,
number of avian species sampled/infected, and parasite lineage richness per localities can be found in Supplementary material Appendix 1

Table Al.
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thermocycler (Bio-Rad, Hercules, CA), whereas nested PCRs
were run using OneTaq Quick-Load 2X Master Mix with
standard buffer (New England Biolabs, Ipswich, MA). All
samples identified as positive by real-time PCR underwent
nested PCR amplifications for Haemoproteus/Plasmodium.
All PCR products were run on 1.25% agarose gels, stained
with ethidium bromide, visualized under UV light, and pho-
tographed.

Positive PCR products were purified using ExoSAP-IT
(Affymetrix, Santa Clara, CA) and sequenced using BigDye
terminator ver. 3.1 cycle sequencing kit (Applied Bio sys-
tems, Foster City, CA). Cycle sequencing reaction products
were purified using ethanol precipitation, re-suspended in
10 ul of dH20O, and run on an ABI 3100 DNA sequencer
(Applied Bio systems, Foster City, CA). The primers FIFI and
R2 (Ishtiaq et al. 2007) were used for sequencing purified
Haemoproteus! Plasmodium positive nested PCR products.

Forward and reverse sequences were visualized and
assembled using Sequencher ver. 5.0.1 (Gene Codes, Ann
Arbor, MI). Chromatograms that showed the presence
of multiple infections were scored as co-infections. Co-
infections were separated using the program PHASE 2.1.1
(Stephens et al. 2001, Stephens and Donnelly 2003) fol-
lowing the protocol of Harrigan et al. (2014). We failed to
separate individual sequences from eight samples with co-
infections. These samples were removed from all analyses.

Assembled sequences were aligned using BioEdit ver.
7.2.0 (Hall 1999) and collapsed to unique haplotypes using
the FaBox haplotype collapser and converter tool (Villesen
2007). Sequence identities were verified with a local BLAST
against the MalAvi database (Bensch et al. 2009) using
BioEdit ver. 7.2.0 (Hall 1999). New lineages were named
after the host of origin following standard protocol (Bensch
et al. 2009), using a six-letter code produced by using the
first three letters of both the host genus and specific epi-
thet followed by a number to denote multiple lineages from
a single host species. For example, lineage WILPOEOI is
the first lineage obtained from Willisornis poecilinotus.
All sequences were deposited in GenBank (Accession no.
KU562119-KU562842) and in the MalAvi database.

Phylogenetic reconstruction

Assembled sequences of unique haplotypes were used to
reconstruct molecular phylogenies. The GTR + I + G model
of nucleotide substitution was implemented for all phylogeny
reconstruction as determined by jModelTest (Guindon and
Gascuel 2003, Darriba et al. 2012). For clarity of visualizing
phylogenetic patterns, lineages from the Brazilian Amazon
were split into two separate alignments based on parasite
genus, Haemoproteus or Plasmodium. For both genera,
Leucocytozoon fringillarum (Accession no. FJ168564) served
as the outgroup. Bayesian inference and maximum likeli-
hood phylogenies were reconstructed for each genus using
the programs MrBayes (Huelsenbeck and Ronquist 2001,
Ronquist and Huelsenbeck 2003) and RAXML (Stamatakis
2014) respectively. In MrBayes the analysis was run until the
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standard deviation of split frequencies stabilized below 0.01.
Twenty-five percent of resulting trees were discarded as burn
in. In RAXML, 1000 bootstraps were performed to obtain
branch support values. All trees were visualized in FigTree ver.
1.40 (Rambaut 2009).

To determine whether host family had a significant phylo-
genetic signal on the evolutionary history of Haemaproteus and
Plasmodium within Amazonia, a Maddison and Slatkin (1991)
randomization test was conducted for each haemosporidian
genus in R (ver. 3.3.2; R Development Core Team) as described
by Bush et al. (2016). A significant result indicates that the
host family distribution within the tree topology is more con-
served than expected by chance, demonstrating a significant
host family phylogenetic constraint.

Composition analysis

To determine the effect of area of endemism on host and
parasite communities within Amazonia, data were organized
into two binary (presence—absence) matrices: one for the
distribution of parasite lineages in areas of endemism, and
another for the distribution of bird species.

Permutational multivariate analyses of variance (PER-
MANOVA) was used to determine whether parasite and
host assemblages differed across arcas of endemism. The
Jaccard index was used as a dissimilarity measure and
10 000 permutations for each model were performed to
determine statistical significance. Latitude was also included
as an explanatory variable to test its effect on the composi-
tion of parasite lineages and host species. Analyses were con-
ducted in R (ver. 3.2.2; R Development Core Team) using
the package vegan (Oksanen et al. 2013).

To test for an association between the compositions of host
communities and parasite assemblages across localities, the
Jaccard index was used to measure the pairwise dissimilarities
in parasite and in host compositions between localities. A
Mantel test was then used to test for a correlation between
these two matrices. Mantel statistics were based on Spear-
man’s rank correlation Rho, and for each test 5000 permuta-
tions were performed to determine statistical significance.

To test whether the parasite assemblage in each area of
endemism was composed of lineages that were phylogeneti-
cally closer than expected by chance, occurrence data were
separated by area of endemism to build two binary matrices,
one for Plasmodium and one for Haemoproteus. The Jaccard
index was calculated to measure the pairwise dissimilarities
between parasite lineages from different areas of endemism,
and a matrix for each haemosporidian genus was created with
this distance data. Also, matrices of pairwise phylogenetic
distance between parasite lineages based on the branch length
of the phylogenetic trees were constructed. Then a Mantel
test was used to test for a correlation between the matrix of
dissimilarities in occurrence and the matrix of phylogenetic
distance for each genus. Mantel statistics were based on
Spearman’s rank correlation Rho and 5000 permutations
were performed for each test.



Results

A total of 2661 samples were collected from Amazonia
(Supplementary material Appendix 1 Table Al and A2).
Haemosporidian infections were detected in 463 individu-
als (17.4% prevalence), with Plasmodium accounting for
407 (87.9%) of all infections (Supplementary material
Appendix 1 Table A3). Plasmodium prevalence (15.3%) was
significantly higher than Haemoproteus prevalence (2.4%)
(*=271.92, df=1, p<0.001) (Supplementary material
Appendix 1 Table A3). There were 56 coinfections identi-
fied in Amazonian birds, with dual Plasmodium infection
being most common (Supplementary material Appendix 1
Table A4).

Haemosporidian infection varied among 15 avian com-
munities, with overall infection prevalence varying from
7.3 to 33.3% (Supplementary material Appendix 1 Table
Al). Infection prevalence significantly differed across the
six areas of endemism: overall prevalence (x> =40.0, df=5,
p<<0.001), Haemoproteus prevalence (y*=28.11, df=35,
p <0.001), and Plasmodium prevalence (x> = 23.504, df =5,
p<<0.001) (Fig. 2, Supplementary material Appendix 1 Table
A2). Across areas of endemism, overall infection prevalence
ranged from 11.9% in Guiana to 31.0% in Tapajos (Fig. 2,
Supplementary material Appendix 1 Table A2). The areas of
Belém, Rondénia, and Tapajos showed significantly higher
prevalence for Haemoproteus, Plasmodium, and both genera
combined (Supplementary material Appendix 1 Table A2).

Samples were obtained from 17 avian orders, 45 families,
and 330 species (Supplementary material Appendix 1 Table
A5 and A6). Infection prevalence varied across host families
and orders, with no infections found in eight avian orders,
although these host orders were poorly sampled with only 40
samples collected from these orders combined (Supplemen-
tary material Appendix 1 Table A5). Passeriformes were the
most sampled host order with 2412 (90.6%) samples col-
lected, although higher haemosporidian prevalence was seen
in Columbiformes, Falconiformes, Gruiformes, Piciformes,
and Psittaciformes (Supplementary material Appendix 1
Table A5). Plasmodium prevalence was higher than Haemo-
proteus prevalence in all avian orders, except Columbiformes,
where Haemoproteus was more prevalent (Supplementary
material Appendix 1 Table A5).

Among Passeriformes, samples were collected from
22 host families and 251 host species. Thamnophilidae (935
samples), Dendrocolaptidae (415 samples), Pipridae (345
samples), and Tyrannidae (223 samples) were the most fre-
quently sampled avian families. Infection prevalence varied
among host families, with Formicariidae (37.9%), Thrau-
pidae (30.4%), and Thamnophilidae (23.7%) showing the
highest prevalence. All infected passerine families had higher
prevalence of Plasmodium than Haemoproteus (Supplementary
material Appendix 1 Table A5).

Parasite and host phylogeny

We recovered 265 lineages of haemosporidians from
Amazonian birds, of which 91.4% were novel lineages

Brazil

o Sampled communities

Endemism area Sampled birds

} Plasmodium prevalence

| Haemoproteus prevalence

Figure 2. Map of Amazon Basin with six areas of endemism sampled.
The proportions of infected birds are presented by area of endemism.
Detailed prevalence by avian community or host taxon can be found
in Supplementary material Appendix 1 Table Al and A6.

(Supplementary material Appendix 1 Table A3). Plasmodium
lineages significantly outnumbered Haemoproteus lineages
(x*=200.52, df=1, p<<0.001), although the percentages
of newly identified lineages did not differ between the two
parasite genera (y> = 0.40, df =1, p=0.526) (Supplementary
material Appendix 1 Table A3).

Haemoproteus and  Plasmodium lineages from 2661
Amazonian host samples were used for phylogenetic
reconstruction, with each parasite genus analyzed separately
because their reciprocal monophyly is well documented. A
total of 51 Haemoproreus lineages (Fig. 3) and 214 Plasmo-
dium lineages (Fig. 4) were included in each respective phy-
logenetic tree. Although nodal support was general high for
both parasite genera (Fig. 3 and 4), both phylogenetic trees
included several large polytomies, especially for Plasmodium
(Fig. 4). For both parasite genera, host families were generally
spread throughout the phylogeny partly biased by the fact that
Thamnophilidae comprised a third of all samples studied. (Fig.
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Figure 3. Phylogenetic reconstruction of Amazonian Haemoproteus lineages. Previously reported lineages (MalAvi) are indicated with an
asterisk. The five most common host families are indicated by colored blocks.

3 and 4). However, a clade of Haemoproteus (Haemoproteus) — Conservation of host family, when mapped onto the phylog-
from Columbidae were sister to all other Haemoproreus enies differed between the two haemosporidian genera, with
(Parahaemoproteus) (Fig. 3) and a clade of Plasmodium lin-  a significant host family phylogenetic signal for Haemoproteus
eages parasitizing Tyrannidae clustered together (Fig. 4). (p<<0.01), but not for Plasmodium (p =0.102).
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Compositional analysis

Composition analysis demonstrated that both parasite
and host communities differed significantly across areas
of endemism and also as a function of latitude (Table 1).
Areas of endemism that were more similar in avian com-
munity composition were also more similar in their para-
site. communities (Mantel statistic r=10.33, p=0.005).
Haemosporidian prevalence varied widely among areas of
endemism (Fig. 2, Supplementary material Appendix 1
Table A2), with areas of endemism north of the Ama-
zon River (Guiana and Imeri) having significantly lower
haemosporidian prevalence than areas of endemism south of
the Amazon River (Belém, Tapajos, Inambari and Rondénia)
(x*=34.37, df=1, p<<0.001). No correlation was found
between the phylogenetic distance of parasite lineages and
their occurrence in areas of endemism, for either Haemoproteus
lineages (Mantel statistic r = 0.08, p=0.11), or Plasmodium
lineages (Mantel statistic r = -0.05, p = 0.99).

Discussion

The Brazilian Amazon harbors a high diversity of haemo-
sporidian parasites with 265 lineages within the genera
Plasmodium and Haemaoproteus identified in samples from
330 bird species. The biogeography of the six Amazonian
areas of endemism sampled in this study defined haemospo-
ridian diversity and distribution. Areas of endemism con-
tained unique parasite communities that differed not only
in parasite prevalence, but also in community composition.
Parasite communities in each area of endemism differed,
in part, due to differences in host communities, with areas
containing more similar host communities harboring more
similar parasite communities. Avian community structure in
Amazonia closely matches areas of endemism (Cracraft 1985,
Silva et al. 2005, Wesselingh et al. 2009), and this study pro-
vides the first example of vector borne parasite communities
also conforming to these areas. Avian haemosporidian dis-
tribution was affected by host distribution, which in turn is
structured by the unique biogeography of Amazonia.

Several studies have shown that avian Plasmodium are
generalist parasites and that generalism occurs due a high
frequency of host shifting events, presumably mediated
by the more generalist feeding preferences of their vec-
tors, allowing Plasmodium spp. to exploit a broad range of
vertebrate hosts (Santiago Alarcon et al. 2012, Medeiros
et al. 2013). Despite low host specificity of Plasmodium
(with some lineages infecting a variety of different host
families) and absence of a significant host family phylo-
genetic constraint on the haemosporidian phylogenies,
we found evidence that the distribution and community
structure of Plasmodium that infected Amazonian birds
was influenced by host distribution and geography. Across
sampling locations, host community similarity predicted
parasite similarity, and area of endemism constrained the
distributions of parasites. This pattern of host distribu-
tion determining haemosporidian distribution matches
what is known for haemosporidian parasites within North
America (Ellis et al. 2015). The higher lineage diversity
recorded for Plasmodium as compared to Haemoproteus
across Amazonia confirms the pattern suggested by Clark
et al. (2014) for South America. These authors hypothe-
sized that Plasmodium spp. may have experienced an excep-
tional radiation within South America potentially due to
the higher diversity of avian hosts and habitats compared
to other biogeographical regions.

Parasites from the genus Haemoproteus are known to be
more host specific (Beadell et al. 2004, 2009, Valkitinas 2005,
Dimitrov et al. 2010, Ishtiaq et al. 2010) than Plasmodium,
which we have also found in this scudy, with Haemoproreus
exhibiting a significant host family phylogenetic signal. This
higher host specificity of Haemoproteus may explain why
they are less diverse than Plasmodium in Amazonia, since
their higher specificity allows fewer opportunities for these
parasites to invade and colonize a new host and then speciate
(Poulin 1997, Ricklefs et al. 2014). The extreme host diver-
sity of Amazonia may benefit Plasmodium with its ability to
jump between phylogenetically distant hosts, but equally dis-
advantage Haemoproteus owing to its inability to do so. This
differing effect of host specificity between the two genera may

Table 1. PERMANOVA results. Model 1 tests for changes in parasite assemblage composition among areas of endemism and in different
latitudes, whereas Model 2 tests for changes in host assemblage composition. df = degrees of freedom; SS =sums of squares; MS = mean

squares.

Model 1: composition of parasite assemblage

Explanatory variables df SS MS F R2 p-value
Areas of endemism 5 2.6021 0.52042 1.2548 0.39916 <0.001
Latitude 1 0.5988 0.59878 1.4437 0.09185 <0.001
Residuals 8 3.318 0.41475 0.50898

Total 14 6.5188 1.00

Model 2: composition of host assemblage

Explanatory variables df SS MS F R2 p-value
Areas of endemism 5 2.1870 0.43739 1.5161 0.44212 <0.001
Latitude 1 0.4516 0.45160 1.5653 0.09130 <0.001
Residuals 8 2.3080 0.28850 0.46658

Total 14 4.9465 1.00
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generate the disparity between Plasmodium and Haemopro-
teus diversity seen in this study.

Habitat is also known to affect host specificity (Loiseau
et al. 2012, Moens and Pérez-Tris 2016) with geographi-
cal barriers limiting the movement of specialist lineages
(Mata et al. 2015). The high host diversity found in Ama-
zonia would support a more generalist haemosporidian
community since generalists would benefit from higher
host encounter rates and increased transmission (Dobson
2004, Keesing et al. 2006). The lack of phylogenetic signal
in avian host family for Amazonian Plasmodium lineages,
where avian host diversity is exceptionally high, supports
this hypothesis. Our findings suggest that the diversity and
distribution of these two genera of parasites are shaped by
factors related to geography and host associations. Further
studies including denser sampling in non-passerine hosts
will help to better understand host specificity within the
Amazon Basin, especially since haemosporidian prevalence
varied across host families. This will shed additional light
on host specificity of these parasites and confirm whether
host specificity is a specific parasite lineage trait or whether
it varies geographically.

Related avian hosts might share phylogenetically similar lin-
eages of malaria parasites because they have similar ecological
and life-history traits and immunological responses (Ricklefs
and Fallon 2002). Therefore, infecting hosts with similar
immune responses could promote parasite range expansion
among closely related host species. However, intraspecific
geographic variation in host responses to parasites (Ardia
2005) and local host—parasite interactions selecting for greater
host resistance (Best et al. 2011) might lead to the geographic
differentiation of parasite lineages and increase the influence
of geographic factors in structuring haemosporidian assem-
blages. Transmission of multi-host pathogens, such as avian
malaria, is driven by heterogeneity in host—parasite compat-
ibility (Medeiros et al. 2013), in other words, some traits of
avian hosts make them more susceptible to certain lineages of
parasites and vectors as well. This suggests that host—parasite
compatibility is evolutionarily labile and that the relationship
between a particular host and its parasites changes geographi-
cally. The role of geography in structuring avian malaria para-
site assemblages was shown in insular West Indian (Fallon
et al. 2005) and Melanesian birds (Olsson-Pons et al. 2015)
and also in this study of Amazonian birds.

Our results clearly demonstrate that the diversity and
distribution of haemosporidian lineages in Amazonian bird
hosts vary with latitude. Previous studies have shown that
species richness increases towards the equator in free-living
(Gaston and Blackburn 2000) and some parasitic and patho-
genic organisms (Rohde and Heap 1998, Guernier et al.
2004, Nunn et al. 2005). However, studies of latitudinal gra-
dients in parasites are less common and often conflicting in
their results. For example, Poulin (1995) did not find any
relationships between latitude and richness of gastrointesti-
nal parasites of several bird and mammal species. And while
Nunn et al. (2005) showed no increased risk of helminths

and viruses in primates close to the equator, they did find
an increased risk of blood protozoan parasites. In fact, Nunn
et al. (2005) argued that the higher diversity of protozoan
parasites found in primates near the tropics could be caused
by greater abundance or diversity of biting insects closer to
the equator or by climatic effects on vector behavior and
parasite development. In the present study we were unable
to sample vectors, but our analysis showed that similarity of
haemosporidian lineages was determined by bird community
similarity and latitude. Future studies should include the
vector community to examine the degree to which haemo-
sporidian parasite assemblages are influenced by intermedi-
ate vertebrate host communities and definitive insect vector
assemblages, and whether latitude is associated with differ-
ences in parasite prevalence, diversity, and specialization in
this bird-parasite-vector system.

The structure of avian haemosporidian parasites in
Amazonia is determined by host community similarity and
geography. Lineage sharing between closely related hosts
might be the primary mode of dispersal of these parasites
between avian communities in Amazonia and then host
shifting across more distantly related host species occurred
within areas of endemism to create geographical signa-
tures. The known lack of host specificity for Plasmodium
(Beadell et al. 2004, 2009, Valkitinas 2005, Dimitrov et al.
2010, Ishtiag et al. 2010) and at the same time a strong
biogeographical structure reinforces that host switching
or ongoing dispersal of these parasites is the main mech-
anism promoting diversification in Plasmodium in the
Amazon Basin (see Weckstein 2004 for ectoparasite-bird
system). The differences in host family phylogenetic con-
straint found for Plasmodium and Haemoproteus suggest
that Plasmodium infection and distribution patterns were
mostly shaped by geography, whereas Haemoproteus pat-
terns of diversity and distribution were shaped primarily
by host associations. Because vectors are important in dis-
tributing haemosporidian parasites widely throughout an
avian community, these invertebrate hosts should be incor-
porated into future analyses to explain patterns of malaria
distribution and diversity.

Acknowledgements — We thank all ornithologists, field assistants
and students for their valuable help in the field and laboratory
work. We thank Camila Ribas, Marina Anciies and Mario Cohn-
Haft from the Inst. Nacional de Pesquisas da Amazonia who loaned
part of the samples used in this study.

Funding — This work was funded by the Fundag¢ido de Amparo a
Pesquisa do Estado do Amazonas — FAPEAM and Conseclho
Nacional de Desenvolvimento Cientifico e Tecnolégico — CNPq
(process number 61.0012/2008.7-DCR/CNPq/FAPEAM) to AE,
SISBIOTA/FAPEAM and SISBIOTA/CNPq to IPE and U. S.
National Science Foundation grants DEB-1503804 to JDW and
AA and DEB-1120734 to VVT. During the project, AF was
supported by a postdoctoral fellowship from CNPq (process
numbers 350140/20120 and 201275/2014-7) and he is currently
maintained by a PNPD scholarship from Coordenagio de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES).

513



References

Ardia, D. R. 2005. Tree swallows trade off immune function and
reproductive effort differently across their range. — Ecology 86:
2040-2046.

Beadell, J. S. et al. 2004. Prevalence and differential host-specificity
of two avian blood parasite genera in the Australo-Papuan
region. — Mol. Ecol. 13: 3829-3844.

Beadell, J. S. et al. 2009. Host associations and evolutionary
relationships of avian blood parasites from west Africa. — Int. J.
Parasitol. 39: 257-266.

Bell, J. A. et al. 2015. A new real-time PCR protocol for detection
of avian haemosporidians. — Parasites Vectors 8: 383.

Bensch, S. et al. 2009. MalAvi: a public database of malaria
parasites and related haemosporidians in avian hosts based on
mitochondrial cytochrome & lineages. — Mol. Ecol. Resour. 9:
1353-1358.

Best, A. et al. 2011. Host resistance and coevolution in spatially
structured populations. — Proc. R. Soc. B 278: 2216-2222.
Bush, S. E. et al. 2016. Unlocking the black box of feather louse
diversity: a molecular phylogeny of the hyper-diverse genus

Brueelia. — Mol. Phylogenet. Evol. 94: 737-751.

Clark, N. J. etal. 2014. A review of global diversity in avian haemos-
poridians (Plasmodium and Haemoproteus: Haemosporida): new
insights from molecular data. — Int. ]. Parasitol. 44: 329-338.

Clayton, D. H. et al. 2016. Coevolution of life on hosts: integrat-
ing ecology and history. — Univ. of Chicago Press.

Cracraft, J. 1985. Historical biogeography and patterns of
diversification within South American areas of endemism.
— Ornithol. Monogr. 36: 49-84.

Darriba, D. et al. 2012. jModelTest 2: more models, new heuristics
and parallel computing. — Nat. Methods 9: 772.

Daszak, P. et al. 2000. Emerging infectious diseases of wildlife-
threats to biodiversity and human health. — Science 287:
443-449.

Dimitrov, D. et al. 2010. Genetic diversity of avian blood parasites
in SE Europe: cytochrome b lineages of the genera Plasmodium
and Haemoproteus (Haemosporida) from Bulgaria. — Acta
Parasitol. 55: 201-209.

Dobson, A. 2004. Population dynamics of pathogens with multiple
host species. — Am. Nat. 164: 64-78.

Drovetski, S. V. et al. 2014. Does the niche breadth or trade-off
hypothesis explain the abundance—occupancy relationship in
avian Haemosporidia? — Mol. Ecol. 23: 3322-3329.

Ellis, V. A. et al. 2015. Local host specialization, host-switching,
and dispersal shape the regional distributions of avian
haemosporidian parasites. — Proc. Natl Acad. Sci. USA 112:
11294-11299.

Fallon, S. M. et al. 2003a. Island and taxon effects in parasitism
revisited: avian malaria in the Lesser Antilles. — Evolution 57:
606-615.

Fallon, S. M. et al. 2003b. Detecting avian malaria: an improved
polymerase chain reaction diagnostic. — J. Parasitol. 89:
1044-1047.

Fallon, S. M. et al. 2005. Host specialization and geographic
localization of avian malaria parasites: a regional analysis in the
Lesser Antilles. — Am. Nat. 165: 466-480.

Fecchio, A. et al. 2013. Structure and organization of an avian
haemosporidian assemblage in a Neotropical savanna in Brazil.
— Parasitology 140: 181-192.

Gaston, K. J. and Blackburn, T. M. 2000. Pattern and process in
macroecology. — Blackwell Scientific.

514

Guernier V. et al. 2004. Ecology drives the worldwide distribution
of human diseases. — PLoS Biol 2: e141.

Guindon, S. and Gascuel, O. 2003. A simple, fast and accurate
method to estimate large phylogenies by maximum-likelihood.
— Syst. Biol. 52: 696-704.

Hall, T. A. 1999. BIOEDIT: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
— Nucl. Acids Symp. Ser. 41: 95-98.

Harrigan, R. J. et al. 2014. New host and lineage diversity of
avian haemosporidians in the northern Andes. — Evol. Appl. 7:
799-811.

Hatcher, M. J. et al. 2006. How parasites affect interactions between
competitors and predators. — Ecol. Lett. 9: 1253-1271.

Hudson, P. J. et al. 2006. Is a healthy ecosystem one that is rich in
parasites? — Trends Ecol. Evol. 21: 381-385.

Huelsenbeck, J. P and Ronquist, E 2001. MRBAYES: Bayesian
inference and phylogeny. — Bioinformatics 17: 754-755.

Ishtiaq, F. et al. 2007. Prevalence and diversity of avian hematozoan
parasites in Asia: a regional survey. — J. Wildl. Dis. 43: 382-398.

Ishtiaq, E et al. 2010. Biogeographical patterns of blood parasite
lineage diversity in avian hosts from southern Melanesian
islands. — J. Biogeogr. 37: 120-132.

Keesing, F. et al. 2006. Effects of species diversity on disease risk.
— Ecol. Lett. 9: 485-498.

Loiseau, C. et al. 2012. Host and habitat specialization of avian
malaria in Africa. — Mol. Ecol. 21: 431-441.

Maddison, W. P. and Slatkin, M. 1991. Null models for the num-
ber of evolutionary steps in a character on a phylogenetic tree.
— Evolution 45: 1184-1197.

Mata, V. A. et al. 2015. The strait of Gibraltar poses and effective
barrier to host-specialized but not to host-generalized lineages
of avian Haemosporidia. — Int. J. Parasitol. 45: 711-719.

McCallum, H. I. and Dobson, A. P. 1995. Detecting disease and
parasite threats to endangered species and ecosystems. — Trends
Ecol. Evol. 10: 190-194.

Medeiros, M. C. I. et al. 2013. Host compatibility rather than
vector-host encounter rate determines the host range of avian
Plasmodium parasites. — Proc. R. Soc. B 280: 20122947.

Mendes, L. et al. 2005. Disease-limited distributions? Contrasts in
the prevalence of avian malaria in shorebird species using
marine and freshwater habitats. — Oikos 109: 396-404.

Moens, M. A. and Pérez-Tris, J. 2016. Discovering potential sources
of emerging pathogens: South America is a reservoir of general-
ist avian blood parasites. — Int. J. Parasitol. 46: 41-49.

Nekola, J. C. and White, 2. S. 1999. The distance decay of similar-
ity in biogeography and ecology. — J. Biogeogr. 26: 867-878.

Nunn, C. L. et al. 2005. Latitudinal gradients of parasite species
richness in primates. — Divers. Distrib. 11: 249-256.

Oksanen, J. et al. 2013. vegan: community ecology package. — R
package ver. 2.0-7.

Olsson-Pons, S. et al. 2015. Differences in host species relationships
and biogeographic influences produce contrasting patterns of
prevalence, community composition and genetic structure in
two genera of avian malaria parasites in southern Melanesia. — J.
Anim. Ecol. 84: 985-998.

Poulin, R. 1995. Phylogeny, ecology, and the richness of parasite
communities in vertebrates. — Ecol. Monogr. 65: 283-302.
Poulin, R. 1997. Species richness of parasite assemblages: evolution

and patterns. — Annu. Rev. Ecol. Syst. 28: 341-358.

Poulin, R. 2003. The decay of similarity with geographical distance

in parasite communities of vertebrate hosts. — J. Biogeogr. 30:

1609-1615.



Poulin, R. 2007. Evolutionary ecology of parasites. — Princeton
Univ. Press.

Rahbek, C. and Graves, G. R. 2001. Multiscale assessment of
patterns of avian species richness. — Proc. Natl Acad. Sci. USA
98: 4534-4539.

Rambaut, A. 2009. Figtree. — <http://tree.bio.ed.ac.uk/software/
figtree/ >.

Ribas, C. C. et al. 2012. A palacobiogeographic model for biotic
diversification within Amazonia over the past three million
years. — Proc. R. Soc. B 279: 681-689.

Ricklefs, R. E. 2010. Host-pathogen coevolution, secondary
sympatry, and species diversification. — Phil. Trans. R. Soc. B
365: 1139-1147.

Ricklefs, R. E. and Fallon, S. M. 2002. Diversification and host switch-
ing in avian malaria parasites. — Proc. R. Soc. B 269: 885-892.

Ricklefs, R. E. et al. 2005. Community relationships of avian malaria
parasites in southern Missouri. — Ecol. Monogr. 75: 543-559.

Ricklefs, R. E. et al. 2014. Species formation by host shifting in
avian malaria parasites. — Proc. Natl Acad. Sci. USA 111:
14816-14821.

Rohde, K. and Heap, M. 1998. Latitudinal differences in species
and community richness and in community structure of
metazoan endo- and ectoparasites of marine teleost fish. — Int.
J. Parasitol. 28: 461-474.

Ronquist, F. and Huelsenbeck, J. . 2003. MRBAYES 3: Bayesian
phylogenetic inference under mixed models. — Bioinformatics
19: 1572-1574.

Santiago-Alarcon, D. et al. 2012. Diptera vectors of avian
Haemosporidian parasites: untangling parasite life cycles and
their taxonomy. — Biol. Rev. 87: 928-964.

Silva, J. M. C. et al. 2005. The fate of the Amazonian areas of
endemism. — Conserv. Biol. 19: 689-694.

Supplementary material (Appendix ECOG-03058 at <www.
ecography.org/appendix/ecog-03058>). Appendix 1.

Stamatakis, A. 2014. RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. — Bioinformatics
30: 1312-1313.

Stephens, M. and Donnelly, P 2003. A comparison of Bayesian
methods for haplotype reconstruction from population
genotype data. — Am. J. Hum. Genet. 73: 1162-1169.

Stephens, M. et al. 2001. A new statistical method for haplotype
reconstruction from population data. — Am. J. Hum. Genet.
68: 978-989.

Svensson-Coelho, M. et al. 2013. Diversity, prevalence, and host
specificity of avian Plasmodium and Haemoproteus in a western
Amazon assemblage. — Ornithol. Monogr. 76: 1-47.

Torchin, M. E. et al. 2003. Introduced species and their missing
parasites. — Nature 421: 628-630.

Townzen, J. S. et al. 2008. Identification of mosquito bloodmeals
using mitochondrial cytochrome oxidase subunit I and
cytochrome b gene seuquences. — Med. Vet. Entomol. 22:
386-393.

Valkitinas, G. 2005. Avian malaria
Haemosporidia. — CRC Press.

Villesen, P. 2007. FaBox: an online toolbox for fasta sequences.
— Mol. Ecol. Notes 7: 965-968.

Waldenstrom, J. et al. 2004. A new nested polymerase chain
reaction method very efficient in detecting Plasmodium and
Haemoproteus infections from avian blood. — J. Parasitol. 90:
191-194.

Weckstein, J. D. 2004. Biogeography explains cophylogenetic
patterns in toucan chewing lice. — Syst. Biol. 53: 154-164.
Wesselingh, F. P. etal. 2009. On the origin of Amazonian landscapes
and biodiversity: a synthesis. — In: Hoorn, C. and Wesselingh,
E P (eds), Amazonia: landscape and species evolution. A look

into the past. Wiley—Blackwell, pp. 421-432.

parasites and other

515



