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Abstract
Avian haemosporidians from the genera Plasmodium and Haemoproteus are vector transmitted parasites. A growing body of 
evidence suggests that variation in their prevalence within avian communities is correlated with a variety of avian ecological 
traits. Here, we examine the relationship between infection probability and diversity of haemosporidian lineages and avian 
host ecological traits (average body mass, foraging stratum, migratory behavior, and nest type). We used molecular methods 
to detect haemosporidian parasites in blood samples from 642 individual birds of 149 species surveyed at four localities in 
the Brazilian Pantanal. Based on cytochrome b sequences, we recovered 28 lineages of Plasmodium and 17 of Haemoproteus 
from 31 infected avian species. Variation in lineage diversity among bird species was not explained by avian ecological traits. 
Prevalence was heterogenous across avian hosts. Bird species that forage near the ground were less likely to be infected by 
Haemoproteus, whereas birds that build open cup nests were more likely infected by Haemoproteus. Furthermore, birds 
foraging in multiple strata were more likely to be infected by Plasmodium. Two other ecological traits, often related to host 
resistance (body mass and migratory behavior), did not predict infection probability among birds sampled in the Pantanal. 
Our results suggest that avian host traits are less important determinants of haemosporidian diversity in Pantanal than in other 
regions, but reinforces that host attributes, related to vector exposure, are to some extent important in modulating infection 
probability within an avian host assemblage.

Keywords  Avian malaria · Bird life history · Foraging behavior · Infection probability · Migratory behavior · Parasite 
diversity

Introduction

Haemosporidians (phylum Apicomplexa, order Haemos-
porida) are protozoan parasites that infect vertebrate blood 
cells (Valkiūnas 2005). Birds harbor the highest diver-
sity of haemosporidian parasites, which are traditionally 
placed within three genera: Haemoproteus (containing 
two distinct subgenera Haemoproteus and Parahaemo-
proteus), Leucocytozoon, and Plasmodium (Valkiūnas 
2005). Plasmodium is widely distributed in terrestrial and 
flying vertebrates with either nucleated (birds and rep-
tiles) or anucleated (mammals) red blood cells. In contrast, 
Haemoproteus and Leucocytozoon exclusively infect birds 
(Valkiūnas 2005). The life cycle of avian haemosporidian 
parasites includes asexual reproduction in vertebrate hosts 
and sexual reproduction in dipteran vectors (Valkiūnas 
2005). Plasmodium, Haemoproteus, Parahaemopro-
teus, and Leucocytozoon are transmitted by mosquitos 
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(Culicidae), hippoboscid flies (Hippoboscidae), biting 
midges (Ceratopogonidae), and black flies (Simuliidae), 
respectively (Valkiūnas 2005; Santiago-Alarcon et al., 
2012). Avian haemosporidians exhibit broad variation in 
prevalence (i.e., the proportion of infected individuals in a 
host population), but the causes of such intra and interspe-
cific variation in infection probability across avian clades 
are not fully understood (Ellis et al. 2020; Fecchio et al. 
2020).

In the past four decades, several hypotheses have been 
formulated to explain interspecific variation in haemosporid-
ian parasite prevalence considering ecological, evolutionary, 
and life history factors of avian host species (revision in Ellis 
et al. 2020; Fecchio et al. 2020). For example, Plasmodium 
prevalence has been shown to be correlated with nest type 
in some works (Fecchio et al. 2011; González et al. 2014; 
Lutz et al. 2015; Matthews et al. 2016), whereas other stud-
ies did not find such an effect for this parasite genus (Fec-
chio et al. 2013, 2017; Svensson-Coelho et al. 2013; Ganser 
et al. 2020). Foraging height could influence rates of vector 
exposure for a given avian host species and, in turn, impact 
parasite prevalence. For example, a higher prevalence of 
Parahaemoproteus would be expected in birds foraging in 
the upper forest stratum where biting midges are more abun-
dant (Garvin and Greiner 2003).

Avian traits such as body mass and migratory behavior 
can influence both a bird’s host immunocompetence and 
exposure to vectors. Whereas larger birds display better 
immune responses to constrain parasite invasion (Ruhs et al. 
2020), they also possess larger body surfaces and more avail-
able niches to harbor a higher prevalence and diversity of 
parasites (Scheuerlein and Ricklefs 2004). Migratory birds 
are exposed to different assemblages of vectors and haemos-
poridian lineages at different breeding and wintering sites 
(Waldenström et al. 2002). Moreover, the trade-off between 
resources allocated for migration and mounting immuno-
logical responses to parasite invasion makes migratory birds 
more susceptible to infection on their breeding grounds 
(Waldenström et al. 2002; Altizer et al. 2011). Therefore, 
migratory birds are expected to have higher infection rates 
and harbor a higher diversity of haemosporidian parasite 
lineages in comparison to resident species (de Angeli et al., 
2021; Fecchio et al. 2021).

Here, we tested whether avian ecological traits known 
to be correlated with vector exposure (nest type and forag-
ing stratum) and both haemosporidian exposure and host 
resistance (migratory behavior and body mass) can explain 
interspecific variation of haemosporidian prevalence in 
four avian communities in the Brazilian Pantanal. While 
avian host ecological attributes would be expected to pro-
mote differential exposure to vectors, avian phylogenetic 
relatedness could constrain parasite invasion. Therefore, 
we included host phylogenetic relationships in our model 

to simultaneously test whether ecological and evolutionary 
factors modulate the prevalence and diversity of haemos-
poridians across avian host species in the Pantanal.

Materials and methods

Study site

The Pantanal is an extensive flood plain (140,000 km2) 
located in central South America with vegetation arranged 
as a mosaic. Typically, grasslands are interspersed with neo-
tropical savannas and monospecific stands of trees that flood 
during part of the year, whereas dense gallery forests and 
patches of deciduous forest remain unflooded. The Panta-
nal avifauna is influenced by adjacent biomes: Amazonia, 
Atlantic Forest, Cerrado, and Chaco. Average temperatures 
are high throughout the year (20–27 °C depending on the 
region), and annual rainfall is approximately 1400 mm, most 
of which occurs from November to March. According to 
precipitation and bird breeding patterns, the Pantanal can 
be characterized by two well-defined seasons: (1) the dry 
season, from April to September which overlaps with the 
non-breeding season for understory birds but is the breeding 
season for aquatic and large migratory birds and (2) the rainy 
season, from October to March, which also corresponds with 
the breeding season for most passerine birds (Pinho et al. 
2017). Extensive areas are flooded during January to May, 
depending on the region.

Fieldwork for this study was carried out at four sites 
(Fig. 1) and during different time periods: Pan1, Base de 
Estudos do Pantanal (municipality of Corumbá, 19° 34′ S, 
57° 01′ W, May 2009 and April 2019, which corresponds 
to the receding water period in this part of Pantanal); Pan2, 
Fazenda Retiro Novo (municipality of Poconé, 16° 15′ S, 56° 
22′ W, June 2017 and April 2019, which corresponds to the 
dry season in this portion of Pantanal); Pan3, Fazenda Baía 
de Pedra (municipality of Cáceres, 16° 27′ S, 58° 08′ W, 
May 2009, which corresponds to the early dry season in this 
portion of the Pantanal); and Pan4, Fazenda Experimental da 
Universidade Federal de Mato Grosso (municipality of Santo 
Antonio de Leverger, 15° 51′ S, 51° 05′ W, October 2009 
which corresponds to the early rainy season, respectively, in 
this portion of the Pantanal).

Bird sampling

Netted birds were either ringed and released or euthanized 
and prepared as museum specimens. Birds not likely to be 
captured by mist nets were collected by firearm. This collect-
ing method represents less than five percent of sampled birds 
but allowed for surveying aquatic and larger birds usually 
not captured by mist net. From each individual bird, 30–50 
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μL of blood was collected from the brachial vein or heart and 
stored either in 95% ethanol or on FTA cards (Whatman™). 
Birds were captured in accordance with corresponding per-
mits in Brazil (license issued by Instituto Chico Mendes 
de Conservação da Biodiversidade—ICMBio numbers: 
12322–3, 72548, 72790) and vouchers are deposited at Orni-
thological Collection of Federal University of Mato Grosso, 
Brazil. Bird species nomenclature follows the BirdTree pro-
ject (Jetz et al. 2012).

Avian host traits

We selected ecological traits that may influence avian 
exposure to vectors from the EltonTraits v. 1.0 database 
(Wilman et al. 2014) including avian species’ average 
body mass and the relative proportion of time that a bird 
species spends foraging in a given forest stratum. Here, 
we created four categories of foraging strata: (1) ground/
understory, which includes bird species that forage on the 
ground or below two meters in forest understory, forest 
edges, bushes, and shrubs; (2) midheight/canopy, bird 
species that forage 2 m upward in trees or high bushes, 
and tree canopy; (3) multiple strata, for species that for-
age proportionally in more than two strata; and (4) water, 
bird species that forage on or just below the water surface. 
Migratory behavior for each bird species was determined 
based on long-term monitoring data from research con-
ducted in the region (Pinho et al. 2017). We classified 

migratory behavior into two categories: (1) migrant, when 
the bird species leaves the Pantanal to winter in adjacent 
biomes; and (2) resident, when the bird species is pre-
sent year-round in the same locality or when the bird spe-
cies makes only small local movements across vegetation 
patches within the Pantanal. We classified nest type into 
two categories: (1) open, when the bird species builds an 
open cup nest; and (2) closed, when the bird species builds 
a closed cup nest, nest in tree hole, or cavity. We treated 
body mass as a continuous variable and the other three 
traits (nest type, foraging stratum, and migratory behavior) 
as categorical variables.

Parasite detection and identification

Total DNA was extracted from bird blood using the Qiagen 
DNeasy 96 Blood and Tissue kit (Qiagen, Valencia, CA), 
following the manufacturer’s protocols. We used the proto-
cols of Fallon et al. (2003) and Bell et al. (2015) to initially 
screen DNA samples for haemosporidian parasites. Then 
the protocol developed by Hellgren et al. (2004) was used to 
amplify a 479 bp region of the parasite cytochrome b gene 
(cyt-b) from infected individuals using nested PCR. The first 
set of primers (HaemNF1 and HaemNR3) were designed to 
target a conserved region of the mitochondrial cytochrome 
b gene of Plasmodium, Haemoproteus, and Leucocytozoon 
parasites. In the second PCR, primers (HaemF and HaemR2) 
were used to amplify only Plasmodium and Haemoproteus 
mitochondrial DNA (Hellgren et al. 2004). Protocols detail-
ing reactions, reagents, primer names, and cycling conditions 
can be found in Fallon et al. (2003), Hellgren et al. (2004), 
and Bell et al. (2015). All PCR amplifications included posi-
tive controls with each individual bird screened only once. 
Due to the high sensitivity of nested PCR, negative controls 
were also included in runs to check for possible contamina-
tion and false positives, although none were found in any 
PCR run. PCR products were purified using Exo-SAP-IT 
(Affymetrix, Santa Clara, CA, USA) and sequenced using 
the BigDye terminator v3.1 cycle sequencing kit (Applied 
Biosystems, Foster City, CA, USA). Sequencing products 
were run on an ABI 3100 DNA sequencer (Applied Bio 
systems, Foster City, CA, USA).

Sequence identities were verified with a local BLAST 
against the MalAvi database (Bensch et al. 2009) using 
BioEdit v.7.2.0 (Hall 1999), and identified lineages were 
assigned to the genera Plasmodium and Haemoproteus 
(including the subgenus Parahaemoproteus). Parasite line-
ages were named after the host of initial origin following 
standard protocol (Bensch et al. 2009). All sequences are 
deposited in MalAvi and GenBank, and accession numbers 
can be found in the raw dataset (Supporting Information 
Table S1).

Fig. 1   Sampling sites in the Brazilian Pantanal
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Statistical analyses

We fitted phylogenetic generalized linear models (PGLMMs) 
with binomial error distribution (Ives and Garland 2014; 
Ives 2018) to investigate the effect of migratory status, 
nest type, foraging stratum, and average body mass on the 
probability of infection by haemosporidian parasites. We 
have excluded brood parasites (Molothrus rufoaxillaris and 

Molothrus bonariensis) from the analyses, which included 
three cases from the original dataset. We used the function 
MCMCglmm from the package “MCMCglmm” (Hadfield 
2010) to create linear mixed models using Bayesian Markov 
Chain Monte Carlo (Hadfield 2012). We used 100 randomly 
selected phylogenetic trees based on the Hackett backbone 
(Hackett et al. 2008) to account for phylogenetic effects. The 
trees were obtained from the BirdTree project (http://​birdt​

Table 1   Prevalence of 
haemosporidian parasites in 
bird communities from the 
Brazilian Pantanal. The table 
includes a single Plasmodium 
and Haemoproteus coinfection 
in Columbina talpacoti, 
Columbidae

Bird order Bird family Bird spe-
cies (n)

Screened 
birds (n)

Plasmodium 
infection (%)

Haemoproteus 
infection (%)

Accipitriformes Accipitridae 3 7 14.3 0
Anseriformes Anatidae 2 4 25 0
Apodiformes Trochilidae 3 15 0 6.7
Caprimulgiformes Caprimulgidae 2 2 0 0
Cariamiformes Cariamidae 1 2 0 0
Charadriiformes Charadriidae 1 2 0 0
Ciconiiformes Ciconiidae 2 2 50 0
Columbiformes Columbidae 7 37 5.4 13.5
Coraciiformes Alcedinidae 5 33 0 15.2
Cuculiformes Cuculidae 2 8 0 0
Falconiformes Falconidae 1 1 0 0
Galliformes Cracidae 2 3 0 33.3
Gruiformes Rallidae 1 1 0 0
Passeriformes Cardinalidae 2 9 22.2 0

Corvidae 1 6 0 0
Dendrocolaptidae 5 10 0 0
Emberizidae 10 101 11.9 1
Furnariidae 10 41 2.4 2.4
Hirundinidae 1 1 0 0
Icteridae 8 37 5.4 0
Mimidae 1 5 40 0
Parulidae 4 11 0 0
Pipridae 3 4 0 0
Polioptilidae 1 1 0 0
Thamnophilidae 10 40 12.5 0
Thraupidae 5 75 10.7 12
Troglodytidae 2 6 0 0
Turdidae 3 24 0 0
Tyrannidae 24 102 0 2.9
Vireonidae 2 5 0 20

Pelecaniformes Ardeidae 8 15 13.3 20
Threskiornithidae 5 8 0 12.5

Piciformes Galbulidae 1 1 0 0
Picidae 4 9 0 0
Ramphastidae 1 1 0 0

Psittaciformes Psittacidae 4 11 0 0
Strigiformes Strigidae 1 1 0 0
Suliformes Anhingidae 1 1 0 0

Phalacrocoracidae 1 2 0 0
Tinamiformes Tinamidae 1 1 100 0
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ree.​org; Jetz et al. 2012). We fitted the models to each of the 
trees and then extracted the mean density of the combined 
posterior distribution using the package mulTree (Guillerme 
and Healy 2014). We included study sites and bird phylog-
eny as random effects in the model. We acknowledge that 
climatic seasonality can influence haemosporidian lineage 
distribution and vector activity (Loaiza and Miller 2013; 
Ferreira Junior et al. 2017). However, since our study sites 
were sampled during non-overlapping periods of the year, 
using study sites or seasons produced the same results. To 

test for the effects of the explanatory variables on the prob-
ability of infection by haemosporidian parasites, we fitted a 
categorical mixed model using the logit link function. We 
set largely uninformative priors for both the fixed and ran-
dom effects of both models. To ensure model convergence, 
we used 500,000 iterations for each model, with burn in 
set at 10,000 iterations, and stored samples every 100 itera-
tions. The models resulted in comparable effective sample 
size for all factors (~ 1000). Fixed effects were considered 
statistically significant when the 95% credible interval did 

Table 2   Results from 
phylogenetic generalized 
linear mixed models with a 
binomial error structure for the 
effects of ecological traits on 
the probability of infection by 
haemosporidian parasites. The 
references for the categorical 
variables were closed (nest 
type), migratory (migratory 
status), and multiple (foraging 
stratum)

Variable Plasmodium Haemoproteus

95% CI 95% CI

Estimate Lower Upper Estimate Lower Upper

Nest type: open  − 0.68  − 2.66 1.17 1.76 0.06 3.67
Migratory status: resident 0.20  − 2.07 2.84 0.29  − 1.51 2.29
Body mass 0.34  − 0.16 0.82  − 0.49  − 1.37 0.13
Foraging stratum: water  − 4.93  − 9.92 − 1.28 0.59  − 1.73 3.05
Foraging stratum: ground/understory  − 1.64  − 3.70 0.00  − 1.64  − 3.26 0.00
Foraging stratum: midheight/canopy  − 1.86  − 4.25 0.24 0.11  − 1.82 2.23
Phylogenetic variance 18.6 1.30 74.06 4.42 0.76 14.81
Residual variance 0.95 0.13 4.24 3.87 0.45 17.21

Fig. 2   Probability of infection 
by Plasmodium parasites in 
relation to the foraging stratum 
used by birds in the Pantanal 
(n = number of screened birds)
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not overlap with zero. For each model, we calculated the 
percentage of variance explained by each of the fixed effects 
only and the combination of fixed and random effects, mar-
ginal and conditional R2, respectively (Nakagawa and Schi-
elzeth 2013). We did not split the subgenera Haemoproteus 
(Parahaemoproteus) from Haemoproteus (Haemoproteus) 
for infection probability analyses for two reasons. First, pre-
vious studies of the effects of avian life history on prevalence 
of haemosporidians combined these subgenera and thus for 
comparative purposes we treated these subgenera the same 
way. Second, the majority of infections in our study belong 
to Haemoproteus (Parahaemoproteus) (see the “Results” 
section), and we do not expect avian host life history vari-
ation to effect hippoboscid flies and their Haemoproteus 
(Haemoproteus) parasites.

We described the variation of haemosporidian parasite 
lineages according to the categorical variables investigated 
in this study by calculating the total number of detected lin-
eages (lineage richness) and the diversity of lineages. We 
used the package vegan (Oksanen et al. 2019) to calculate 
diversity indices. We estimated confidence intervals of the 
Shannon–Wiener index based on 1000 bootstrap resamples 

[custom R command “H_boot” from Gardener (2014)] and 
compared the diversity index between group levels using a 
randomization method based on 2000 bootstrap resamples 
[custom R command “H_bss” from Gardener (2014)]. The 
unbiased prevalence of haemosporidian parasites and its 
95% confidence intervals (CI) were calculated according to 
the Sterne’s exact method (Reiczigel et al. 2010) using the 
function epi.prev from the package epiR (Stevenson et al., 
2021). All the analyses were performed using R (version 
4.0.2, R Development Core Team 2020).

Results

General parasite prevalence and lineage diversity

A total of 642 individuals from 149 bird species belonging 
to 40 families and 20 orders were screened for haemosporid-
ian parasites in this study. The overall prevalence was 11.2% 
(95% CI: 8.9–13.9%, n = 72 infected individuals). Infected 
birds belonged to 31 species. Prevalence among parasite taxa 
was 6.3% (95% CI: 4.6–8.4%) for Plasmodium, 3.9% (95% 

Fig. 3   Predictors of the prob-
ability of infection by Plasmo-
dium parasites. Estimates (black 
circles) are mean values from 
100 models, and the error bars 
(grey shading) show the lower 
and upper 95% and 50% cred-
ible intervals (CI) from the 100 
models
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CI: 2.6–5.7%) for the subgenus Haemoproteus (Parahaemo-
proteus), and 1.3% (95% CI: 0.6–2.5%) for the subgenus 
Haemoproteus (Haemoproteus). Among the bird families in 
which at least three different species were sampled, the high-
est prevalence was observed for Ardeidae, Thraupidae, and 
Columbidae, 33%, 22.6%, and 21.6%, respectively (Table 1). 
The most infected species, with at least three individuals 
screened, were Tigrisoma lineatum, Donacobius atricapilla, 
and Ramphocelus carbo, 50%, 40%, and 34%, respectively. 
Coinfections rarely occurred in the studied birds (n = 4). 
Three individuals were infected by two different Plasmo-
dium lineages, whereas a Plasmodium and Haemoproteus 
coinfection was observed in a single individual.

A total of 45 haemosporidian lineages were found in 
the screened birds: five belonging to the subgenus Haemo-
proteus (Haemoproteus), 12 belonging to the subgenus 
Haemoproteus (Parahaemoproteus), and 28 belonging to the 
genus Plasmodium. Four different morphospecies belong-
ing to genus Plasmodium (P. cathemerium, P. elongatum, P. 
nucleophilum, and P. paranucleophilum) and three morphos-
pecies of the genus Haemoproteus (H. multipigmentatus, 
H. vireonis, and H. paramultipigmentatus) were detected. 
Open-nesting host species had a higher haemosporidian lin-
eage richness (n = 34 lineages) in comparison to host spe-
cies that breed in closed nests (n = 14 lineages). Similarly, 

lineage richness was numerically higher for resident host 
species (n = 41 lineages) than for migratory host species 
(n = 5 lineages). The diversity of haemosporidian lineages 
also differed numerically between bird species that build 
open nests (3.27; 95% CI: 3.24–3.29) and closed-nests (2.52; 
95% CI: 2.44–2.56). The same was true when evaluating 
species migratory status. Resident bird species had higher 
haemosporidian lineage diversity (3.32; 95% CI: 3.29–3.34) 
than migratory birds (1.61; 95% CI: 1.38–1.62). However, 
these differences are not statistically significant (all Z < 0.88; 
all P > 0.382).

Avian traits influencing the probability of infection

When analyzing parasitism by the two genera of haemos-
poridians separately, we observed that the foraging stra-
tum was an important predictor of Plasmodium infection 
(marginal R2 = 0.08, conditional R2 = 0.95). Birds that used 
multiple strata had a higher probability of being infected in 
comparison to birds foraging on the water or in the ground 
and understory strata (Table 2, Fig.  2). We observed a 
strong phylogenetic signal for this analysis (total variance 
explained = 90%), suggesting that the host phylogenetic rela-
tionships have an important influence on the probability of 
Plasmodium infection (Table 2, Fig. 3).

Fig. 4   Probability of infection 
by Haemoproteus parasites in 
relation to nest type of birds 
in the Pantanal (n = number of 
screened birds)
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Foraging stratum and nest type were important predic-
tors of Haemoproteus infection (marginal R2 = 0.14, con-
ditional R2 = 0.60). Open-nesting bird species were more 
likely to be infected by Haemoproteus than closed-nesting 
species (Table 2, Fig. 4). Furthermore, birds foraging on 
the ground or understory stratum had a lower probability 
of being infected in comparison to birds that used multiple 
strata to forage (Table 2, Fig. 5). Phylogenetic signal was 
also moderately important in this analysis (total variance 
explained = 46%).

Discussion

We show that two host functional traits influenced the proba-
bility of a bird being infected with haemosporidian parasites 
in the Pantanal. Nest type and foraging stratum explained 
prevalence for Haemoproteus, whereas Plasmodium preva-
lence was explained only by foraging stratum. Interestingly, 
both nest type and foraging stratum are related to vector 
exposure rather than being traits that confer host resistance 
to constrain parasite establishment in the host. Furthermore, 

none of the four host traits, namely body mass, migratory 
behavior, foraging stratum, and nest type, explained diversity 
of parasite lineages found in Pantanal birds.

Nest type is expected to impact avian haemosporidian 
infection probability by constraining host encounter rates 
during nesting, a critical period for infection due to nestlings 
being more susceptible to dipteran vectors and because adult 
birds are immunologically debilitated due to their investment 
in reproduction (Valkiūnas 2005). Birds that build open cup 
nest are more likely to be infected with Haemoproteus than 
those that build closed nests in Pantanal, a similar result 
found for birds across an elevational gradient in Mexico 
(Rodríguez-Hernández et al. 2021), neotropical savanna in 
Brazil (Fecchio et al. 2011), African savanna in Eswatini 
(Ganser et al. 2020), and in a mountain bird assemblage 
in the USA (Rodriguez et al. 2021). This trend might be 
explained by the host-seeking behavior of Parahaemopro-
teus vectors. Biting midges are diurnal feeders and many 
species rely on visual cues to find their bloodmeal source 
(Gibson and Torr 1999). Unlike cavity and closed nest-
ers, open cup nester birds may be more conspicuous while 
attending the nest and hence more susceptible to biting 

Fig. 5   Predictors of the prob-
ability of infection by Haemo-
proteus parasites. Estimates 
(black circles) are mean values 
from 100 models, and the error 
bars (grey shading) show the 
lower and upper 95% and 50% 
credible intervals (CI) from the 
100 models
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midge attacks during the day, thus explaining the higher 
rates of Parahaemoproteus found in Pantanal and other 
regions.

Forest height can influence vector host community com-
position leading to local changes in vector-bird host contact 
rates and thus impact parasite transmission across forest 
strata (Garvin and Greiner 2003). We showed that birds 
foraging in multiple strata were more likely to be infected 
by Plasmodium, possibly due to the higher encounter rates 
with a more diverse fauna of mosquito vectors for a given 
bird. The Pantanal is characterized by flooding periods; thus, 
the spatial availability of water sources might have a direct 
effect on mosquito reproduction and development leading to 
an increase in prevalence of avian malaria parasites in birds 
occupying a higher diversity of habitats, such as gallery for-
ests and vegetation near ponds. Biting midges are vertically 
distributed throughout forest strata and are less abundant and 
diverse near the ground (McGregor et al. 2018). Thus, the 
relationship found for Parahaemoproteus, where birds that 
forage near the ground were less likely infected by this para-
site subgenus than birds that use multiple strata to forage, 
can also be explained by differential vector encounter rates.

Migratory behavior and body mass explained prevalence 
of haemosporidian parasites in local bird assemblages (Sven-
sson-Coelho et al. 2013; González et al. 2014; Matthews 
et al. 2016). Although these two avian traits are strongly 
associated with phylogenetic relationship and host resist-
ance (Winger et al. 2012; Minias 2019; Ruhs et al. 2020), 
our local analyses did not identify migratory behavior and 
body mass as a predictor of infection probability for Plasmo-
dium or Haemoproteus. This suggests that haemosporidian 
infection probability might be decoupled from conserved 
host traits that promote resistance to parasite colonization 
and may be driven primarily by host traits that promote host 
exposure within an avian community.

With our local analyses, we have demonstrated that two 
avian host traits, namely foraging stratum, and nest type, 
possibly through their influence on vector encounter rates, 
are important drivers of Plasmodium and Parahaemopro-
teus infection risk among bird assemblages in the Pan-
tanal. Our data were collected during different seasons 
over a decade, and thus future studies should investigate 
how prevalence of haemosporidian parasites may vary 
seasonally both within and across years in the Pantanal. A 
growing body of studies showing that various avian host 
attributes may drive avian haemosporidian infections calls 
for a meta-analysis to identify which host traits serve as 
robust predictors of haemosporidian infection among bird 
communities.
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