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and life-history drivers of
haemosporidian infections
in non-passerine birds from
a rehabilitation center
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Amanda Vitória Dornelas da Silva1 and Erika Martins Braga1

1Departamento de Parasitologia, Universidade Federal de Minas Gerais, Belo Horizonte,
Minas Gerais, Brazil, 2Department of Integrative Biology, Michigan State University, East Lansing,
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Introduction: Pathogens and parasites play a crucial role in shaping ecological

and evolutionary processes, influencing the behavior, physiology, and survival of

their hosts across diverse ecosystems. Despite their taxonomic and functional

diversity, non-passerine birds remain underrepresented in pathogen/parasite

ecological research, providing an opportunity to explore how their unique life

histories influence host-parasite dynamics. Investigating the susceptibility of

non-passerines to infections, particularly in relation to physiological stress

indicators such as heterophil-to-lymphocyte (H/L) ratios and microhematocrit

levels, offers valuable insights into the complex interplay between health state,

environmental conditions, and disease dynamics.

Methods: We evaluated the occurrence of haemosporidian parasite (avian

malaria) infections (Plasmodium spp. and Haemoproteus spp.) in individuals

from six non-passerine bird species – Red-legged Seriema (Cariama cristata),

Crested Caracara (Caracara plancus), Yellow-headed Caracara (Daptrius

chimachima), Dusky-legged Guan (Penelope obscura), Gray-necked Wood-

Rail (Aramides cajaneus), and Tropical Screech Owl (Megascops choliba) – that

were admitted to the Wildlife Screening Center in Belo Horizonte, Minas Gerais,

Brazil. We assessed whether blood-parasite infection occurrence was associated

with hematological parameters (e.g. microhematocrit, H/L ratio), major injuries,

age, body condition, season, co-occurrence of Trichomonas spp. infections, and

presence of ectoparasites.

Results: Of the 75 individuals analyzed, 37% were infected with haemosporidian

parasites (Plasmodium spp. and Haemoproteus spp. combined). Age was a

significant predictor of haemosporidian infection, with adults exhibiting higher

overall haemosporidian parasite occurrence (both Plasmodium spp. and

Haemoproteus spp. together), likely due to age-related chronic infection

accumulation or higher mortality among infected juveniles. Also, individuals

infected with Haemoproteus spp. only showed elevated H/L ratios, suggesting

a physiological response to infection, and were more frequently infected during

the rainy season, likely reflecting optimal vector conditions. No significant
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associations were observed between blood-parasite infection occurrence and

other factors such as physical condition, major injuries, co-occurring

Trichomonas spp., or the presence of ectoparasites.

Discussion: These findings highlight the importance of considering physiological,

environmental, and life-history factors when investigating malaria infections in

non-passerine birds. By advancing our understanding of host-parasite

interactions in these underrepresented species, this study contributes valuable

knowledge to inform conservation, rehabilitation, and wildlife-management

strategies for these less-studied birds.
KEYWORDS

blood parasites, plasmodium, haemoproteus, heterophil-to-lymphocyte ratio (H/L),
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Introduction

Pathogens and parasites are fundamental drivers of host

population dynamics, shaping behavior, physiology, and ecology

across diverse ecosystems and host species (Woolhouse et al., 2002).

Among these hosts, non-passerine birds stand out as a fascinating

yet underexplored group in pathogen and parasite ecological

research, with the potential to offer valuable insights into host-

pathogen interactions across varied contexts (Santiago-Alarcon

et al., 2014). Though comprising less than half of all bird species,

non-passerine birds are generally large (with exceptions like

hummingbirds) and include flightless runners (ratites) and

swimmers (penguins), marshland waders (e.g. rails), and

nocturnal hunters (owls), hence exposing them to a wide array of

parasite and pathogen threats (Valkiunas, 2005; Gill, 2007).

Notably, non-passerines play a pivotal role in the dynamics of

vector-borne diseases and the potential spillover of pathogens to

other groups, including mammals (Valkiunas, 2005; Tsiodras et al.,

2008). For example, when non-passerine species diversity is high,

West Nile virus (WNV) transmission tends to decrease; this is

because less competent hosts draw mosquitoes away from species

that are better at amplifying the virus, which in turn reduces the risk

of infection for other animals and humans (Ezenwa et al., 2006).

Additionally, the foraging and nesting behaviors of non-passerines

frequently bring them into contact with human-altered landscapes

and livestock, thus increasing pathways for pathogen transmission.

For example, waterfowl and shorebirds harbor avian influenza

(Fenton et al., 2018) and coronaviruses, increasing the risk of

spillover to farmed animals and humans (Rahman et al., 2021).

Among the many microbial threats to wild animals,

haemosporidians represent a diverse group of vector-borne

protozoan parasites that permit detailed examination of host

susceptibilities, environmental selection pressures, and

transmission dynamics. Haemosporidians are heteroxenous

protozoa of broad ecological and veterinary importance,
02
distributed worldwide except in Antarctica, and infecting various

vertebrate hosts across different biomes (Valkiunas, 2005; Pacheco

et al., 2011). In Brazil, they exhibit an average prevalence of ~28% in

avian hosts (Ferreira-Junior et al., 2018; Oliveira et al., 2020; Fecchio

et al., 2021c, Fecchio et al., 2021b, Fecchio et al., 2022; da Silva

Rodrigues et al., 2021; de Angeli Dutra et al., 2023). These malaria

parasites shape ecological dynamics by altering host physiology,

behavior, and immune function, which in turn influence host

interactions with vectors, conspecifics, and other species within

their microenvironment and broader ecosystems (Carlson et al.,

2015; Poulin, 2021). Although transmission dynamics have been

well-studied in Passeriformes, research has primarily focused on

their role in the spillover of virulent haemosporidian strains to naïve

hosts via migration or introduction (Dinhopl et al., 2015; Niebuhr

et al., 2016; Muriel et al., 2021), the crossing of wild-domestic

boundaries (Ferreira-Junior et al., 2018), and interactions among

unlikely host populations in rehabilitation centers and zoos

(Sijbranda et al., 2017; Verwey et al., 2018; Ortiz-Catedral et al.,

2019; Yoshimoto et al., 2021; González-Olvera et al., 2022). In

contrast, much less is known about haemosporidian parasite

transmission dynamics involving non-passerine birds. These

interactions highlight the need to understand what makes non-

passerine birds susceptible to disease, given their critical role in

shaping disease dynamics and potential spillover to other animals.

Given the diversity of non-passerines, it is likely that the risk and

progression of haemosporidian infections in wild non-passerines

are shaped by a multifaceted combination of biological,

environmental, and anthropogenic factors.

Within avian communities, the impact of pathogens/parasites

on hosts can be strongly influenced by age, with juveniles being

particularly susceptible due to their relatively naïve immune

systems or differences in behavior that may alter pathogen

exposure (Wilson et al., 2002). For instance, low pathogenic

influenza has been shown to cause greater severity in juvenile

ostriches (Struthio camelus), primarily due to their limited
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capacity to immunologically cope with the virus (Capua et al.,

2000). Similarly, juvenile Galapagos penguins (Spheniscus

mendiculus) exhibit lower microbiome alpha diversity compared

to adults, a difference likely driven by age-related behavioral

patterns and potentially associated with increased susceptibility to

pathogenic infections (Rohrer et al., 2023). Beyond age, an

individual’s overall physical condition also plays an important

role in infection risk. Birds in otherwise poor health may allocate

fewer resources to immune defenses, increasing their susceptibility

to infections and impairing their ability to manage pathogen

burdens (da Silva Rodrigues et al., 2021). In American crows

(Corvus brachyrhynchos), for example, poor body condition was

related to a greater predisposition to several diseases (e.g., poxviral

dermatitis, fungal pneumonia, enteritis) and consequent mortality

(Townsend et al., 2010). Haemosporidian parasites have also been

linked to decreased body condition in house martins (Delichon

urbica; Marzal et al., 2013). However, it remains unclear whether

individuals in poorer condition are more susceptible to infection, or

if infection itself leads to declines in host condition.

Seasonal environmental fluctuations can further shape infection

dynamics in wild birds, as changes in temperature, precipitation,

and vector abundance can influence both host susceptibility and

parasite transmission rates. Seasonality plays a crucial role in the

transmission dynamics of avian malaria parasites, including

Plasmodium, Haemoproteus, and Leucocytozoon (Valkiunas,

2005). In many regions, infection prevalence and parasite

diversity fluctuate between the rainy and dry seasons, largely due

to vector availability (Schultz et al., 2011; Hernández-Lara et al.,

2017; Haghtalab et al., 2020; Fecchio et al., 2021a). The rainy season

typically fosters higher transmission rates, as mosquito and biting

midge populations—key vectors of Plasmodium andHaemoproteus,

respectively—proliferate in response to increased humidity and

water availability (Colombo and Joly, 2010; Tchoumbou et al.,

2020). This seasonal peak in vector abundance often leads to a

rise in infection prevalence and a higher likelihood of new

infections, though the specific patterns depend on the

haemosporidian parasite genus. For instance, Leucocytozoon spp.

infections have been shown to increase with precipitation, likely due

to the favorable conditions for black fly vectors, whereas

Plasmodium spp. prevalence decreased overall in a global study,

suggesting more complex seasonal drivers influencing its

transmission in birds (Fecchio et al., 2021a).

Measurement of other physiological indicators, such as

heterophil-to-lymphocyte ratios (H/L) and microhematocrit

levels, can provide deeper insights into an individual’s stress,

immune function, and overall health, all of which influence their

infection susceptibilities and disease dynamics (Ricklefs and

Sheldon, 2007; Satyaningtijas et al., 2020). Elevated H/L ratios are

commonly associated with chronic stress and reduced immune

function, making individuals more susceptible to malaria. For

example, owls (from six different species) that were infected with

Leucocytozoon spp. had higher H/L ratio compared to uninfected

individuals, suggesting that individuals under higher stress are more

susceptible to Leucocytozoon infection, or infection with

Leucocytozoon depleted B-cells, rapidly decreasing lymphocyte
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levels compared to heterophils (Martıń-Maldonado et al., 2023).

Also, higher H/L ratios were associated with higher haemosporidian

parasitemia in a diverse group of five Brazilian bird species

(Rodrigues et al., 2021). In addition, low microhematocrit levels,

indicative of anemia or poor oxygen transport capacity, further

compromise a bird’s overall condition and ability to combat

infections (Mitchell and Johns, 2008). Anemia is a clinical

condition that has been consistently found to be associated with

the acute phase of malaria infection (Kocan, 1968; Valkiunas, 2005).

Here we investigated several environmental, physiological, and

life-history predictors of haemosporidian parasite infections in

several species of non-passerine birds from Brazil. Non-passerine

birds are less frequently studied in the context of avian malaria and

other related haemosporidian parasites compared to passerines, but

research indicates that they can serve as both competent and

incidental hosts for Plasmodium spp. parasites, with varying

susceptibility across taxa (Bell et al., 2020; Ilgūnas et al., 2022;

Lotta-Arévalo et al., 2023). Some groups, such as pigeons and

doves (Columbiformes), appear to be relatively resistant to

infections, while others, like raptors and shorebirds, exhibit a

broader range of susceptibilities (Santiago-Alarcon et al., 2014;

Soares et al., 2016b; Capasso et al., 2023). Differences in host

competence may be influenced by immune defenses, life-history

traits, and habitat use, as many non-passerines occupy ecological

niches that may limit exposure to mosquito vectors (e.g., marine

environments, high-altitude zones, nocturnal habitats; Valkiunas,

2005; Santiago-Alarcon et al., 2014). Additionally, studies suggest

that certain avian malaria lineages exhibit host specificity, with some

Plasmodium spp. rarely detected in non-passerines (Lotta-Arévalo

et al., 2023; Capasso et al., 2023). Despite these insights, significant

knowledge gaps remain regarding the transmission dynamics,

pathological effects, and potential evolutionary consequences of

avian malaria in non-passerine hosts, highlighting the need for

further research, especially in tropical and highly anthropogenically

modified environments.

The objective of the present study was to evaluate the

occurrence and severity of a common blood parasite –

haemosporidians (Haemosporida, genera Plasmodium and

Haemoproteus) – in six different non-passerine bird species from

Brazil: red-legged seriema (Cariama cristata), crested caracara

(Caracara plancus) , yel low-headed caracara (Daptrius

chimachima), dusky-legged guan (Penelope obscura), gray-necked

wood-rail (Aramides cajaneus), and tropical screech owl (Megascops

choliba). We studied individuals that were taken into the Wildlife

Screening Center from the Brazilian Institute of Environment and

Renewable Natural Resources (IBAMA) in Belo Horizonte, Minas

Gerais, Brazil. We tested whether parasite occurrence and severity

were related to hematological parameters (H/L ratio and

microhematocrit levels), presence/absence of major injuries

(burns, bone displacements, and fractures), age (juvenile vs.

adults), body condition upon arrival at the rehabilitation center

(poor vs. good), season (rainy vs. dry), as well as the occurrence of

trichomoniasis (Order Trichomonadida, genus Trichomonas spp.),

and ectoparasites (ticks and mites). We predicted that individuals

with poor hematological parameters (high H/L ratio, low
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microhematocrit levels), major injuries, poor arrival condition, of

juvenile age, sampled during the rainy season, and also infected with

trichomoniasis and ectoparasites will have the highest

haemosporidian parasite occurrences and severities. Overall,

developing this deeper understanding of malaria parasites in these

non-passerines can inform conservation efforts, improve

rehabilitation practices, and enhance knowledge of host-parasite

dynamics in diverse, tropical avian species.
Methods

Data collection

We sampled individuals received at the Wildlife Screening

Center (Centro de Triagem de Animais Silvestres – CETAS-BH)

from the Brazilian Institute of Environment and Renewable Natural

Resources (IBAMA) in Belo Horizonte, Minas Gerais, Brazil from

August 2023 - January 2025. We studied six species from five non-

passerine orders: Cariamiformes (Cariama cristata), Falconiformes

(Caracara plancus and Daptrius chimachima), Galliformes

(Penelope obscura), Gruiformes (Aramides cajaneus), and

Strigiformes (Megascops choliba). These birds arrived at the

center after being either discovered with significant injuries (as

above; Figure 1) or found in homes within urban or suburban

environments. In the latter scenario, residents often reach out to the

city’s environmental services, a program designed to rescue wildlife

in residential areas. All individuals originated from Minas Gerais

state, primarily from the Belo Horizonte metropolitan area and

nearby cities. Upon arrival at the center, veterinarians conducted

thorough evaluations of each individual, assessing body condition

based on keel prominence (poor condition = pronounced keel; good

condition = normal keel). Bird intake into the facility also included:
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(a) checking for visual signs of trichomoniasis, such as oral plaques,

throat lesions, or difficulty swallowing (Dudek et al., 2018; Alrefaei

et al., 2019), (b) inspecting all plumage and bare parts for the

presence of ectoparasites; and the presence of any major injuries,

including bone displacements, fractures, skin or eye wounds, leg

injuries, and burns. Additionally, the veterinarians categorized the

age of each bird (as either juvenile or adult, based on plumage

characteristics and skull ossification; Von-Matter et al., 2010) and

collected blood samples from the brachial vein. Unfortunately, sex

of each bird was not always evident or determined, but this is

unlikely to significantly impact our findings, as most of the species

examined exhibit minimal or no sexual dimorphism. The samples

were used to prepare blood smear slides and fill microhematocrit

capillaries, and the remainder was stored in microtubes with 70%

ethanol for further molecular analysis. The smears were then

screened for haemosporidian parasites and H/L ratios (see

more below).
Hematological parameters

Microhematocrit evaluation involved measuring the proportion

of red blood cells (RBCs) in a blood sample, which is a useful

indicator of an individual’s overall health and oxygen-carrying

capacity (Clark et al., 2009). To perform this procedure, a small

volume of blood was drawn into a capillary tube, which was then

sealed at one end with clay. The tube was placed in a centrifuge and

spun at 10000 G for 3 minutes, to separate the blood into its

components. Following centrifugation, blood separates into distinct

layers according to density: erythrocytes form a dense layer at the

bottom, plasma forms the upper layer, and a thin intermediate layer

appears between them, composed mainly of leukocytes and

thrombocytes. The length of the RBC column was then measured
FIGURE 1

Selected images of birds taken into the screening center, with examples of different injuries. (A) Crested caracara (Caracara plancus) with a major
injury on the right wing (yellow arrow); and (B) tropical screech-owl (Megascops choliba) with a major injury on the left eye (green arrow).
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using a microhematocrit card reader and was expressed as a

percentage of the total blood column length (Mondal and Zubair,

2025), which can indicate conditions such as anemia, dehydration,

or polycythemia. To analyze H/L ratios, a blood smear was prepared

by spreading a drop of blood thinly across a microscope slide. The

smear was then air-dried, fixed with 100% methanol for 3 minutes,

and stained using a 10% Giemsa solution for 70 minutes (Valkiunas,

2005). The stained slides were examined under an Olympus CX31

light microscope at 1000× magnification with oil immersion to

identify heterophils (characterized by their lobed nuclei and

granular cytoplasm) and lymphocytes (smaller cells with a large,

round nucleus and scant cytoplasm). 22,000 total cells were counted

per slide (i.e. per animal) to calculate the relative proportions of

each type. The H/L ratio was then determined by dividing the

number of heterophils by the number of lymphocytes. An elevated

H/L ratio may indicate chronic stress, infection, or inflammation,

whereas a lower ratio can reflect baseline immune conditions

(Satyaningtijas et al., 2020).
Microscopy and blood parasite
identification and quantification

The stained slides were also used to identify parasite forms

under an Olympus CX31 light microscope at 1000× magnification

with oil immersion. Haemosporidian parasite identification

(Plasmodium spp. and Haemoproteus spp.) followed established

and well-described protocols (Valkiunas, 2005). Infection severity

was then quantified by analyzing 200 microscopic fields with

monolayered blood cells, counting parasitized cells among 22,000

total cells.
DNA extraction and cytochrome b gene
amplification

To ensure the detection of Haemoproteus spp. and Plasmodium

spp. infections in cases where parasitemia was low and difficult to

identify through microscopy, we also performed PCR screening for

haemosporidian parasites. For DNA extraction, a 20 mL volume of

blood was placed in 1.5 mL microtubes and incubated at 60°C until

the alcohol was completely evaporated. Then, 100 mL of 5% Chelex

100 (Sigma-Aldrich, Saint Louis, Missouri, USA) and 2.75 mL of

proteinase K (20 mg/mL) (Phoneutria, Minas Gerais, Brazil) were

added to the samples. The tubes were briefly vortexed and incubated

at 60°C for 2 hours. After digestion, an enzymatic denaturation was

performed at 95°C for 10 minutes. The tubes were then cooled to

room temperature, vortexed, and centrifuged at 11,000 rpm for 10

minutes. The supernatant containing DNA was collected and

quantified using a NanoDrop 2000 spectrophotometer (Thermo

Scientific, USA) to ensure DNA concentrations were within the

optimal range (40–80 ng/µL) (Pacheco et al., 2018) for further

analysis and stored at –20°C. Positive control samples (Plasmodium

falciparum) and negative control samples (MilliQ water) were also

subjected to the extraction process. A 1 µL aliquot of the extracted
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DNA was subjected to a nested PCR protocol targeting a 478 bp

region of the mitochondrial Cyt b gene of Plasmodium spp., and

Haemoproteus spp. species (Hellgren et al., 2004), using the recently

extracted positive and negative controls, as well as specific controls to

ensure the reaction’s functionality (P. falciparum, which was

previously amplified in other reactions, and MilliQ water). PCR

products were visualized on 6% polyacrylamide gels stained with

silver nitrate to confirm amplification. An individual was classified as

infected if PCR and/or microscopy yielded a positive result.
Statistical analysis

Haemosporidian parasite occurrence
All analyses were performed with R software (R Core Team,

2024). We visually assessed the two numerical variables,

microhematocrit levels and H/L ratios, for homoscedasticity using

histograms. H/L ratios showed a right-skewed distribution, which

we corrected using a square-root transformation. We scaled

microhematocrit levels and H/L ratios to have a mean of zero and

standard deviation of one using the scale function (R Core Team,

2024) to make all numeric variables on similar scales. To account

for potential temporal variations in infection likelihood, we divided

the dataset into dry (April to September) and wet (October to

March) seasons.

We used three measurements of malaria occurrence in our

analyses: presence/absence of (1) only Plasmodium spp., (2) only

Haemoproteus spp., and (3) either genus (i.e. combined parasite

occurrence). Thus, we constructed three separate generalized linear

mixed model (GLMM) using the glmer function from the lme4

package (Bates et al., 2015) to examine predictors of these three

parasite-occurrence variables. For the Plasmodium spp. and

Haemoproteus spp. specific models, total sample size was slightly

smaller (n = 71 in each, compared to n = 75 for the combined

parasite occurrence model) because we could not obtain clear PCR

sequencing results for some samples, only confirming a positive

infection status without genus-level identification. Each model

included the following predictors: microhematocrit level, H/L

ratio, occurrence of major injuries, age class, arrival body

condition, tick occurrence, trichomoniasis occurrence, and season

(dry vs. wet). We also included species identity as a random factor

to account for both phylogenetic relatedness and interspecific

variation. We tested for the absence of multicollinearity among

predictors using the variance inflation factor (VIF), calculated with

the VIF function from the regclass package (Petrie, 2020). A

threshold of two for was used to identify collinear predictors,

which made us exclude tick occurrence from all models. To

determine the importance of explanatory variables, we employed

an information-theoretic approach (Burnham and Anderson,

2002). Using the dredge function from the MuMIn package

(Barton, 2019), we generated all possible models with the selected

explanatory variables. For cases where the best model had a weight

of less than 0.8, we calculated model-averaged estimates using the

model.avg function from the same package. If the best model had a

weight greater than 0.8, we focused exclusively on analyzing that
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model. Finally, we selected the most important explanatory

variables based on their estimate, conditional standard error, and

95% confidence interval. We evaluated model performance using

root mean square error (RMSE), with lower RMSE values indicating

better model fit. Therefore, models with RMSE values closer to zero

were considered to provide a good fit to the data (Norberg et al.,

2019; Tobler et al., 2019).

We also evaluated predictors of hemoparasite severity – defined

as the proportion of infected versus uninfected red blood cells

(combining Plasmodium spp. and Haemoproteus spp.) – in the 28

malaria-infected birds. Due to the left-skewed distribution of

severity values, we log-transformed both malaria severity and H/L

ratio for analysis. Following this, we employed a similar modeling

approach to that used for the occurrence model, focusing on model

selection and identifying statistically significant predictors. We did

not identify any predictors with a high Variance Inflation Factor

(VIF), so all predictors were retained in the model, including

ectoparasite occurrence.
Results

Across all sampled species, the average proportion of

individuals infected with malarial parasites was 37%, with

Aramides cajaneus exhibiting the highest prevalence (71%). Mean

malaria severity was 0.002 ± 0.002, with Caracara plancus showing

the highest value (0.006) (Table 1; Figure 2). Trichomoniasis

prevalence was generally low (9%), with Daptrius chimachima

having the highest occurrence (40%). Additionally, ectoparasitic

were found in only 7% of individuals, specifically in four Caracara

plancus and one Cariama cristata. Injuries were observed in 37% of

individuals, with Cariama cristata showing the highest proportion

(61.5%). Lastly, mean microhematocrit and H/L ratio were 0.45 ±

0.10 and 4.0 ± 5.2, respectively, with Daptrius chimachima having

the highest H/L ratio (8.4 ± 13.4) and Penelope obscura the highest

microhematocrit (0.50 ± 0.07).

The best model predicting overall haemosporidian parasite

occurrence (Plasmodium spp. and Haemoproteus spp. combined;

RMSE = 0.96) included only age (Supplementary Table 1), with
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juveniles being less likely than adults to be infected (Table 2;

Figure 3). For Haemoproteus spp. (RMSE = 0.67), the best model

included age, H/L ratio, and season, though only H/L ratio and

season were significant predictors (Table 2). Individuals captured

during the rainy season and those with higher H/L ratios were more

likely to be infected withHaemoproteus spp. (Table 2; Figure 3). We

did not identify any significant predictors for Plasmodium spp.

occurrence (RMSE = 0.75) or for severity of malaria infection

(RMSE = 1.65; Supplementary Table 1; Table 2).

To assess whether uneven species representation influenced our

results, we re-ran all models using only the four most represented

species (Caracara plancus,Megascops choliba, Cariama cristata, and

Aramides cajanea), each with more than five individuals in the

dataset. The results were highly consistent with those from the full

dataset: in the general haemosporidian model, age remained

marginally significant, and in the Haemoproteus-specific model,

season was again marginally associated with infection risk. These

findings suggest that the main patterns are not driven solely by

uneven sampling across species. Additionally, we examined the

distribution of individuals across species, age classes, and seasons

(Supplementary Table S4). Notably, species with high infection

prevalence—such as Aramides cajanea and Cariama cristata—were

not disproportionately represented in the rainy season or in a

particular age group. For example, Aramides cajanea was

represented only by adults and almost evenly between dry (n = 4)

and rainy (n = 3) seasons. These results indicate that the observed

effects of age and season are not artifacts of biased sampling but

instead reflect broader trends in our data.
Discussion

We found that the occurrence of haemosporidian parasite

infections (Plasmodium spp. and Haemoproteus spp. combined)

in non-passerine birds was influenced by the age of the avian hosts,

with juvenile birds less likely to be infected than adults. We also

observed that individuals infected specifically with Haemoproteus

spp. had a higher H/L ratio and were more often brought into the

facility during the rainy season. Taken together, these findings
TABLE 1 Data summary for the study species, alongside their taxonomic classification.

Order Family Species # I M T S H HL

Cariamiformes Cariamidae Cariama cristata 13 8 9 0 0.001 ± 0.002 0.41 ± 0.11 5.7 ± 3.5

Falconiformes Falconidae Caracara plancus 28 8 3 5 0.006 ± 0.011 0.47 ± 0.12 3.8 ± 4.4

Daptrius chimachima 5 3 2 2 0.001 ± 0.001 0.45 ± 0.04 8.4 ± 13.4

Galliformes Cracidae Penelope obscura 5 2 3 0 0.000 ± 0.000 0.50 ± 0.07 4.1 ± 4.6

Gruiformes Rallidae Aramides cajaneus 7 4 5 0 0.001 ± 0.002 0.46 ± 0.09 1.8 ± 2.7

Strigiformes Strigidae Megascops choliba 17 3 6 0 0.003 ± 0.006 0.44 ± 0.02 2.6 ± 4.5

Total 75 28 28 7 0.002 ± 0004 0.45 ± 0.10 4.0 ± 5.2
Below we indicate number of individuals sampled per species (#), number of injured individuals (I), number of individuals infected with malarial parasites (M), number of individuals with
trichomoniasis (T), mean overall haemosporidian parasite severity (E), mean microhematocrit (H), and mean H/L ratio.
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highlight the complex interplay between host age, physiological

condition, and environmental factors in shaping the dynamics of

malaria parasite infections, offering new insights into the eco-

immunological and life-history drivers of hemoparasite infection

in tropical non-passerine birds.

First, we found that juvenile birds exhibited a lower overall

occurrence of avian malaria (Plasmodium spp. and Haemoproteus

spp. combined) compared to adults, contrary to our initial

prediction. We propose two non-mutually exclusive explanations

for this pattern: (a) chronic infections may accumulate as birds age,

which have been demonstrated in several bird species, such as in

white-banded tanagers (Neothraupis fasciata; Fecchio et al., 2015),

house martins (Marzal et al., 2016), dark-eyed juncos (Junco

hyemalis; Slowinski et al., 2022), European bee-eaters (Merops

apiaster; Emmenegger et al., 2020), and in a community-level
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avian study (Ellis et al., 2014), or (b) Infections may

disproportionately impact the survival of younger birds (e.g. due

to their developing immune systems; Ricklefs, 1992), leading to

their reduced representation in the population. For instance, in

yellowthroats (Geothlypis trichas), older males had a higher

likelihood of surviving and managing chronic haemosporidian

infections compared to their younger counterparts (Freeman-

Gallant and Taff, 2017). Additionally, mortality linked to

haemosporidian parasites has been documented in younger

cranes (from 10 different species) at a zoo in China, further

highlighting the vulnerability of younger individuals to these

infections (Jia et al., 2018). These findings underscore the need

for further research to disentangle the mechanisms driving age-

related patterns of haemosporidian parasite occurrence in passerine

and non-passerine bird populations.
FIGURE 2

Haemosporidian morphotypes found in peripheral blood of avian hosts. (A-D) Plasmodium sp. from Aramides cajaneus; (E, F) Haemoproteus sp.
from raptors (Caracara plancus and Daptrius chimachima); (G, H) Haemoproteus sp. from Penelope obscura; (I–L) Plasmodium sp. from Cariama
cristata and D. chimachima; (M, N) Haemoproteus sp. from Megascops choliba; (O, P) Haemoproteus sp. from C. cristata. Scale bar = 10 mm.
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Second, as we predicted, individuals infected with Haemoproteus

spp. exhibited significantly higher H/L ratios compared to uninfected

individuals. We hypothesize that Haemoproteus spp. infections may

deplete B-cells, which are responsible for humoral immunity, leading

to reduced lymphocyte levels in infected individuals (Delhaye et al.,

2018). Similar patterns have been observed across various passerine

and non-passerine species, including reed warblers (Acrocephalus

scirpaceus) and sedge warblers (Acrocephalus schoenobaenus) infected

with multiple blood parasites (Wojczulanis-Jakubas et al., 2012),

various owl species (Martıń-Maldonado et al., 2023), and several

Neotropical birds such as ruddy ground-dove (Columbina talpacoti),

great kiskadee (Pitangus sulphuratus), lesser elaenia (Elaenia

chiriquensis), flavescent warblers (Myiothlypis flaveola), and brown-

crested flycatchers (Myiarchus tyrannulus; da Silva Rodrigues et al.,

2021), as well as house sparrows (Passer domesticus; Santiago-

Alarcon et al., 2018) and house finches (Haemorhous mexicanus;

Aguiar De Souza Penha et al., 2024). However, some studies have

reported no such associations in red crossbills (Loxia curvirostra;

Cornelius et al., 2014), American redstarts (Setophaga ruticilla), gray

catbirds (Dumetella carolinensis), cedar waxwings (Bombycilla

cedrorum), red-eyed vireos (Vireo olivaceus; Granthon and

Williams, 2017), and rosy starlings (Pastor roseus; Dimitrov et al.,

2019), indicating that this relationship can vary across species and

contexts. In addition, also consistent with our predictions, we found

that Haemoproteus spp. infections occurred more frequently in birds

brought in during the rainy season. This result suggests that the

higher prevalence ofHaemoproteus spp. during the rainy season may

overlap with optimal conditions for vector development and

proliferation, given the more humid and wetter conditions

(Meneghim et al., 2021). The tropical-bird literature offers mixed

support for this pattern, with some studies reporting a higher malaria

prevalence at the end of the dry season (Ferreira et al., 2017; Pulgarin

et al., 2018; de Angeli Dutra et al., 2023), others finding no seasonal

trends (Fecchio et al., 2015), and yet others reporting higher

occurrence during the wet season (Schultz et al., 2011; Rivero de

Aguilar et al., 2018). These findings illustrate the importance of

considering environmental factors like climate and water availability

when studying host-parasite interactions and emphasize the

complexity of Haemoproteus spp. epidemiology.
TABLE 2 Summary of the generalized linear mixed models (GLMM)
results for the occurrence of haemosporidian parasites (Plasmodium spp.
and Haemoproteus spp. occurrence together), Plasmodium spp., and
Haemoproteus spp., as well as haemosporidian severity (Plasmodium
spp. and Haemoproteus spp. combined) in non-passerine birds.

Variable Estimate S.E. 95% C.I.

Response variable: haemosporidian parasite occurrence
(Plasmodium spp. and Haemoproteus spp. together)

InterceptA 0.06 0.65 -1.23; 1.37

Age -1.36 0.64 -2.65; -0.07

Condition -0.89 0.71 -2.32; 0.53

Microhematocrit level 0.27 0.32 -0.37; 0.91

Trichomonas spp. occurrence 0.85 1.21 -1.56; 3.27

Season 0.88 0.68 -0.48; 2.24

H/L ratio 0.25 0.31 -0.36; 0.88

Major injuries 0.37 0.68 -0.99; 1.73

Response variable: Plasmodium spp. occurrence

InterceptB -1.73 0.82 -3.37; -0.08

Age -0.83 0.99 -2.82; 1.16

Condition -0.72 1.02 -2.77; 1.32

Microhematocrit level 0.21 0.47 -0.72; 1.15

Trichomonas spp. occurrence 0.87 1.44 -2.00; 3.75

Season -1.32 1.11 -3.54; 0.90

H/L ratio -0.33 0.49 -1.31; 0.64

Major injuries 0.41 0.92 -1.42; 2.25

Response variable: Haemoproteus spp. occurrence

InterceptC -2.38 1.07 -4.52; -0.24

Age -2.27 1.18 -4.63; 0.09

Condition -0.23 1.09 -2.42; 1;95

Microhematocrit level 0.46 0.49 -0.52; 1;45

Trichomonas spp. occurrence 1.70 2.14 -2.57; 5.91

Season 2.76 1.18 0.21; 5.30

H/L ratio 1.01 0.49 0.03; 1.99

Major injuries -0.08 0.96 -2.01; 1.83

Response variable: Haemosporidian parasite parasitemia

InterceptD -7.30 0.63 -8.59; -6.01

Tick occurrence 1.62 1.47 -4.68; 4.68

Age -1.20 0.84 -2.95; 0.54

Condition 0.42 0.98 -1.60; 2.45

Microhematocrit levels -0.21 0.40 -1.06; 0.62

Trichomonas spp. occurrence -0.04 1.49 -3.14; 3.05

Season 0.70 0.76 -0.89; 2.29

(Continued)
TABLE 2 Continued

Variable Estimate S.E. 95% C.I.

Response variable: Haemosporidian parasite parasitemia

H/L ratio 0.09 0.41 -0.76; 0.95

Major injuries -0.96 0.84 -2.72; 0.78
A Random factor: host binomial species: variance = 0.90; standard deviation = 0.95; B Random
factor: host binomial species: variance = 1.19; standard deviation = 1.09; C Random factor:
host binomial species: variance = 2.64; standard deviation = 1.62; D Random factor: host
binomial species: variance = 4.03; standard deviation = 2.00.
The table includes estimated coefficients, standard error (S.E.), 95% confidence intervals (95%
C.I.), and associated predictors. Significant predictors (95% C.I. without overlapping zero) are
indicated in bold. Estimates reflect the effect sizes for each variable on the response variables.
The bold values represent statistically significant predictors of haemosporidian parasite
occurrence. These are variables for which the 95% confidence interval (C.I.) does not include
zero, indicating a significant association with the response variable at the 0.05 level.
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We did not find any evidence that body condition,

trichomoniasis, tick presence, or major injuries were statistically

significant predictors of haemosporidian parasite occurrence, either

overall (Plasmodium spp. and Haemoproteus spp. combined) or

when analyzed separately. These results suggest that poor physical

condition in affected individuals may be attributed to other causes,

such as accidental collisions or encounters with predators (Stenkat

et al., 2013), rather than parasitic infection. The lack of association

with Trichomonas spp. or ectoparasites also underscores the

variability in susceptibility to co-infections, which may be shaped

by species-specific differences in ecology, physiology, and immune

function. Associations in other bird species between

haemosporidian parasites and pathogens such as Mycoplasma

gallisepticum (Reinoso-Perez et al., 2020), Trypanosoma spp

(Soares et al., 2016a), Isospora sp (Aguiar De Souza Penha et al.,

2024), microfilariae (Clark et al., 2016), and Trichomonas gallinae

(Thomas et al., 2022) demonstrate the complexity of host-pathogen

interactions. This variability makes it challenging to establish

consistent patterns of co-infection and emphasizes the need for

targeted experimental studies to better understand the mechanisms

driving these interactions and the broader ecological and

evolutionary dynamics of co-infections across clades and

geographic regions. It is also noteworthy that the lack of

significant patterns in Trichomonas spp. and tick infections may

be attributable to the low prevalence of these parasites in our sample

(9% and 7%, respectively). Interestingly, microhematocrit levels

were also not an important predictor of any of our haemosporidian

parasite measurements (occurrence and severity), despite the fact

that, based on other studies, we expected it would be reduced in

infected individuals (Ellis et al., 2014; but see Martıń-Maldonado

et al., 2023).
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Lastly, we found no significant predictors of hemoparasite

severity in the 28 malaria-infected birds in this study. This

contrasts with findings from studies of other non-passerine and/

or tropical species, which have identified various factors influencing

malaria severity, such as body condition, H/L ratio, total white-

blood cell count, and reproductive effort (Knowles et al., 2009; da

Silva Rodrigues et al., 2021). These results suggest that the drivers of

hemoparasite severity may be context-dependent and demonstrate

the need for further research with larger sample sizes and broader

ecological contexts to better understand the patterns and

determinants of avian malaria severity.

We must also address the fact that our study was conducted on

a sample of rescued and rehabilitated birds, many of which were

injured or otherwise compromised, and not of free-ranging, wholly

uninjured individuals. As a result, our findings should be

interpreted cautiously, as health/stress conditions related to injury

or a home invasion could have influenced parasitological and

physiological measures. Sampling free-ranging, uninjured birds in

the wild would provide a valuable comparison to evaluate whether

the patterns observed in these rescued individuals hold true in

natural populations. Additionally, lack of data on the sex of the

birds was a limitation, as we were unable to account for potential sex

differences in infection or physiology; we recommend that future

studies of this nature incorporate sex of the animals.

In summary, our study provides novel insight into the eco-

immunological correlates of haemosporidian infections in non-

passerine birds, a group that remains largely underrepresented in

avian malaria research. Although the sample size was limited, our

results consistently point to age and seasonality—particularly in

Haemoproteus spp. infections—as key drivers of infection patterns,

with additional support for the role of host stress physiology (via H/L
FIGURE 3

Forest plot showing the generalized linear mixed models (GLMM) 95% confidence intervals for models predicting the occurrence of haemosporidian
parasites (Plasmodium spp. and Haemoproteus spp. together) and Haemoproteus spp. in non-passerine birds. Significant predictors are shown on
the y-axis; the responses are represented by separate lines, with bars indicating confidence intervals (Haemoproteus spp. occurrence in gray and
haemosporidian parasites in black). For complete list of predictors, please refer to Table 2.
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ratio). These patterns were robust even when accounting for

interspecific differences and restricting analyses to the most

represented species. While not all variables yielded significant

associations, our findings underscore the multifactorial nature of

infection risk and highlight the importance of integrating life-history,

physiological, and environmental factors to understand host–parasite

dynamics in tropical bird assemblages. Further research with larger and

free-ranging populations will be essential to refine these associations and

explore their broader conservation and epidemiological implications.
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Jia, T., Huang, X., Valkiūnas, G., Yang, M., Zheng, C., Pu, T., et al. (2018). Malaria
parasites and related haemosporidians cause mortality in cranes: a study on the
parasites diversity, prevalence and distribution in Beijing Zoo. Malar J. 17, 234.
doi: 10.1186/s12936-018-2385-3

Knowles, S. C. L., Nakagawa, S., and Sheldon, B. C. (2009). Elevated reproductive
effort increases blood parasitaemia and decreases immune function in birds: A meta-
regression approach. Funct. Ecol. 23, 405–415. doi: 10.1111/j.1365-2435.2008.01507.x

Kocan, R. M. (1968). Anemia and mechanism of erythrocyte destruction in ducks
with acute leucocytozoon infections. J. Protozool 15, 455–462. doi: 10.1111/j.1550-
7408.1968.tb02156.x
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Rohrer, S. D., Jiménez-Uzcátegui, G., Parker, P. G., and Chubiz, L. M. (2023).
Composition and function of the Galapagos penguin gut microbiome vary with age,
location, and a putative bacterial pathogen. Sci. Rep. 13, 5358. doi: 10.1038/s41598-023-
31826-y
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