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Parasitic infections have the potential to impact the hosts’ body condition, elevate

physiological responses, and ultimately lead to increased mortality. Host-parasite

interactions are tied to the ecological and life-history traits of the hosts. While

montane birds are susceptible to avian blood parasites, few studies have

simultaneously assessed how inter- and intra-specific traits of hosts influence

their probability of parasite infection. In this study, we screened for avian blood

parasites across 214 individuals from 51 species at two sites, including a lowland

farmland at 700m and a highland forest at 2,500m, in the Gaoligong Mountains in

southwestern China. Overall blood parasite prevalence was 53.74%, with divergent

species-specific prevalence ranging from 6.25% to 66.67%. We also measured

traits indicative of body condition and physiological responses of each sampled

individual. Using Bayesian phylogenetic logistic models, we assessed whether

parasite infection probability is associated with ecological and life history traits of

host species. Larger bird species were more likely to be infected than smaller bird

species, and omnivore species showed lower susceptibility than those with other

diets such as insectivores and herbivores. In contrast, foraging strata, nest type, and

participation in mixed-species flocks of host species did not affect infection

probability. We then used a reduced sample of eight species with more than five

individuals, to assess the associations between intra-specific infection probability

and host body condition, represented by fat and muscle reserves, and acute stress

responses measured through breath rate. While infected individuals were likely to

have more fat reserves than non-infected individuals, we did not find any

association between infection probability and muscle reserve and body mass,

nor with breath rate. Our results revealed that at the species level, specific traits

(body mass and diet) of host species predict infection probability and implied a

potential link at the individual level between enhanced body condition and

increased resilience to parasite infection.
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1 Introduction

Parasite infection can have severe consequences for wild species,

resulting in alterations in their body condition, heightened

physiological responses (O’Dwyer et al., 2020), and elevated

mortalities among host species (Galen et al., 2022). Consisting of

vector-borne parasites belonging to the genera Plasmodium,

Haemoproteus, and Leucocytozoon, avian blood parasites

(haemosporidian) provide an ideal system to investigate the

consequences of parasite infection (Valkiunas, 2004). The life cycles

of avian haemosporidian parasites are rather complex, requiring an

arthropod vector (Diptera) for sexual reproduction and sporogony,

and an avian host for asexual reproduction (Ilgūnas et al., 2019).

Therefore, the transmission and prevalence of avian blood parasites

can be jointly influenced by abiotic factors and biotic interactions,

resulting in various patterns along major environmental gradients

(Fecchio et al., 2021; Lau et al., 2023). As global refuges for diverse

avifauna, montane ecosystems are particularly susceptible to avian

blood parasites, primarily because of rising temperatures in higher

elevations and increased rates of deforestation in lowlands due to

agricultural conversion (LaPointe et al., 2012; Zamora-Vilchis et al.,

2012; Reis et al., 2021; Theodosopoulos et al., 2023). While studies

have increasingly looked at how inter-specific traits affect the

infection patterns among different species along elevational

gradients (Ishtiaq and Barve, 2018; Rodrıǵuez-Hernández et al.,

2021; Rodriguez et al., 2021), other studies have also found that

intra-specific traits, such as body condition, can explain variability in

infection probability within species (e.g., Rooyen et al., 2013). To gain

a more comprehensive understanding of the link between species’

traits and parasite infection patterns, it is important to assess how

both intra and inter-specific traits of the hosts affect their likelihood of

parasite infection in highly heterogeneous montane environments.

Inter-specific variation in parasite prevalence is influenced by

both evolutionary relatedness among species and ecological and life-

history traits. For instance, parasite susceptibility can be highly

phylogenetically conserved among avian hosts in the tropical

Andes (Fecchio et al., 2017). Also, host species-specific traits play a

significant role in shaping parasite prevalence patterns, considering

the fact that some species exhibit higher susceptibility to parasites

than others, even within the same environments (Pulgarıń-R et al.,

2018; Ellis et al., 2020; de Angeli Dutra et al., 2021). Such differences

in parasite prevalence have been speculated as consequences of

variations in exposure likelihood to haemosporidian vectors, or

variations in resistance to infection (Medeiros et al., 2015; Fecchio

et al., 2017). Indeed, a range of ecological and life-history traits related

to vector exposure have been shown to be associated with parasite

prevalence, including body size (Scheuerlein and Ricklefs, 2004), diet

preferences (Wilson et al., 2020), foraging strata (Gupta et al., 2020),

nest type (Rodriguez et al., 2021), and social tendencies (González

et al., 2014), among others. More specifically, larger species,

omnivores, lower-strata foragers, and flocking species showed

greater blood parasite prevalence than other species (Rodrıǵuez-

Hernández et al., 2021; Penha et al., 2023).

Parasite infection probability can also be associated with intra-

specific traits, especially those indicating body condition and

physiological status of individuals. Typically, an individual is
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considered to be in good body condition when it possesses a higher

body mass, indicating more muscle and/or fat storage, which suggests

sufficient food intake despite energy expenditure (Pagani-Núñez et al.,

2017; Barnett et al., 2018). Parasite infection can lead to a deterioration

in an individual’s overall body condition, including loss of body mass

and reduced haematocrit value (Yorinks and Atkinson, 2000;

Palinauskas et al., 2008; Asghar et al., 2011). Infection by blood

parasites can also increase energy expenditure and reduce oxygen-

carrying capacity in the blood of the host individuals (Schall et al., 1982;

Yorinks and Atkinson, 2000; Ishtiaq and Barve, 2018). As a response,

infected individuals may activate their sympathetic nervous system and

hypothalamic-pituitary-adrenal (HPA) axis, leading to elevated levels

of hormones (Talbott and Ketterson, 2023) and increased respiratory

responses. Breath rate, a repeatable, non-invasive, and less time-

consuming measure of stress responses, has been used to study the

stress responses of wild birds across diverse environments (Carere and

Vanoers, 2004; Liang et al., 2018). While many studies have found

increased stress levels in infected individuals by measuring oxidative

status (Jiménez-Peñuela et al., 2023) and glucocorticoid hormone levels

(O’Dwyer et al., 2020), only a few have examined the relationship

between parasite infection and breath rate. These studies, focusing on

Common Nightingales (Luscinia megarhynchos) (Marinov et al., 2017)

and nestlings of the Common Buzzard (Buteo buteo) (Rinaud, 2023),

indicated no notable increase in breath rates among infected

individuals. With growing evidence in assessing the impacts of

individual-level traits mostly on infection probability within a single

species, very few studies have explored how individual-level traits

might affect parasite infection patterns in multiple-species

communities (but see Barrow et al., 2019; Gupta et al., 2020).

In this study, we investigated the associations between avian

hosts’ traits and haemosporidian infection probability at the

Gaoligong Mountains, a biodiversity hotspot in southwestern

China (Myers et al., 2000). Here, lowlands have been transformed

to agricultural areas and human settlement, whereas highland forests

have been protected within the nature reserve (Liang et al., 2021). By

screening avian blood parasites at two typical habitats (a highland

forest site and a lowland farmland site) in this mountain, we assessed

how these parasite prevalence patterns were associated with inter-

and intra-specific trait variation in the host birds. We predicted that,

at the species level, larger birds (Scheuerlein and Ricklefs, 2004) with

generalized diets (Wilson et al., 2020), lower foraging strata (Gupta

et al., 2020), open nested breeders (Rodriguez et al., 2021), and

joining mixed-species flocks (González et al., 2014) would be more

likely to be infected by parasites. We also predicted that, at the

individual level, infected birds would show poorer body condition

and higher physiological responses to acute stress than non-infected

individuals (Hatchwell et al., 2001; Schoenle et al., 2017).
2 Materials and methods

2.1 Sampling procedure and body
condition measurements

We conducted our study on the eastern slope of the southern

part of the Gaoligong Mountains in Yunnan Province,
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southwestern China, from December 2016 to April 2017, covering

both breeding (April) and non-breeding (December and January)

seasons of birds in this region (Liang et al., 2020; Liang et al., 2021).

Similar to other mountains in the region, high-elevation forest areas

are protected by the nature reserve, while low-elevation areas have

mostly been converted into agricultural land or occupied by human

settlements (Liang et al., 2021). We selected two study sites at

different elevations and habitats. One was located at a higher

elevation in the evergreen broadleaf forest near Yaojiaping field

station (2500 m, 25°58′16.00″N, 98°42′37.70″E), and the other was

in a lowland agricultural area near Saige village within the northern

Salween River valley (750 m, 25°7′38.57″N, 98°51′22.00″E).
At each site, we used mist nets to capture birds from dawn to

dusk. We set mist nets with a total length of 70 m, at a height of 3 m

above the ground. We conducted hourly inspections of the nets, and

carefully extracted all captured birds. This protocol was based on a

feasibility analysis of our capacity to properly extract and process all

captured individuals. If the number of captured birds was too high,

we simply closed the nets to minimize any disturbances caused by

this procedure. After extracting an individual bird, we placed the bird

into a bag for a minimum of five minutes for it to recover. We first

measured the breath rate while handling, to ensure that it was not

affected by the following procedures such as measuring and blood

sampling. This can systematically decrease individual stress

responses, allowing comparison of breath rates between individuals

(Carere and Vanoers, 2004). We determined the breath rate by

counting the number of respirations in 30 seconds while handling

the individual (Liang et al., 2018). We also assessed the pectoral

muscle and fat reserves. The muscle and fat scores are commonly

used as proxies for assessing body condition (Pagani-Núñez et al.,

2017). Specifically, we evaluated muscle reserves using a three-level

scale based on the prominence of the sternal keel (Gosler, 1991), and

assessed fat reserves using a five-level scale, ranging from 0 (no fat) to

4 (fat filled up to distal portion of interclavicles) (Kaiser, 1993). Before

banding and releasing each individual bird, we collected a blood

sample of approximately 10 mL by using a sterile 30-gauge needle in a

syringe (the needle had a diameter of 0.3 mm; B. Braun Melsungen

AG, Germany) to puncture either the brachial vein or the medial

metatarsal vein. We subsequently stored these blood samples in

absolute (97%) ethyl alcohol at a temperature of -20°C. Finally, we

uniquely banded each individual with plastic bands, and included

only measurements from their first capture in our analyses. All

samplings were completed before dusk. We conducted our

sampling for a total of 18 days, including 7 days at Saige and 11

days at Yaojiaping. We obtained blood samples from 99 individuals

from 29 different species at Saige and from 115 individuals from 24

species at Yaojiaping, resulting in a total of 214 individuals

encompassing 51 bird species (Table S1). Only two species, the

Slaty-blue flycatcher (Ficedula tricolor) and the Small niltava

(Niltava macgrigoriae), were sampled at both sites (Table S1).
2.2 DNA extraction and parasite screening

Both avian host and parasite DNA were extracted

simultaneously using TIANamp Genomic DNA kit (TIANGEN)
Frontiers in Ecology and Evolution 03
following its provided protocol. We assessed extraction quality

using a Nanodrop 2000 Spectrophotometer (Thermo Scientific).

As the low concentration of DNA samples may cause false

negatives, we increased the concentration of the DNA samples

with levels below 30 ng/mL using Eppendorf Concentrator plus. We

then performed nested polymerase chain reaction (PCR) assays

targeting the cytochrome b gene of the parasites (Hellgren et al.,

2004). This allowed us to detect avian blood parasites including

species in Haemoproteus, Plasmodium, and Leucocytozoon

(Hellgren et al., 2004). We performed the first PCR, in volumes

of 25 mL, comprising 16.8 mL ddH2O, 2.5 mL 10× buffer, 1.5 mL
dNTPs (2.5mM), 1 mL primer (HaemNFI–HaemNR3), 0.2 mL Taq

DNA polymerase, and 2 mL DNA templates. The temperature

profile for each cycle was set at 94°C for 30 s, 50°C for 30 s, and

72°C for 45 s, with 30 repeats. For the second PCR, we used 2 mL of

the first run product as the template, replaced the primer with 1 mL
HaemF–HaemR2 (for Haemoproteus spp. and Plasmodium spp.),

and used 1 mL HaemFL–HaemR3L (for Leucocytozoon spp.)

separately. We increased the number of PCR cycles to 35. In each

cycle, we retained the same temperature profile and all other

settings used in the first PCR. In both PCR assays, we included a

negative control sample using ddH2O instead of a DNA template to

detect false positives. We confirmed individual infection status by

testing each blood sample at least twice to avoid false negatives. To

achieve better sequencing quality in some samples, we replaced the

primers with HAEMNF-HAEMNR2 in the first run and HAEMF-

HAEMR2 in the second run while maintaining the same

temperature scheme. These primers amplified an overlapped

fragment with the primers described above (Hellgren et al., 2004;

Waldenström et al., 2004). All DNA sequencing was subsequently

conducted by Tianyihuiyuan Company (Guangzhou).
2.3 Categorizing the infection status of
sampled individuals

We categorized the infection status of the sampled individual

birds into “infected” or “non-infected” for the three parasite genera

combined, and also separately for each parasite genus: Plasmodium,

Haemoproteus, and Leucocytozoon. For the three parasite genera

combined, we were able to confirm the infection status for all

sampled individual birds based on the sequencing results. We

classified individuals with positive sequencing results as infected,

while those with negative sequencing results as non-infected. We

then performed a visual inspection and trimming of the sequences for

each infected individual using SeqMan 7 (Swindell and Plasterer,

1997). We identified multi-infections among 21 individuals whose

sequencing results containing double phases. As we were unable to

confirm the parasite haplotype for these multi-infected individuals,

we excluded them when categorizing the infection status for the

individual parasite genus (Table S1). We were able to confirm the

infection status of individual parasite genus (Plasmodium,

Haemoproteus, and Leucocytozoon) for 193 sampled individual

birds. We performed alignment of parasite sequences using the

default setting of MUSCLE in MEGA 7 (Kumar et al., 2016). We

obtained 96 aligned sequences of 367 bp for downstream analyses.
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We then generated haplotypes of parasites of each infected individual

with single infection using DnaSP v6, and confirmed their genus by

comparing them with sequences deposited in the MalAvi database

(accessed on February 27th 2022, Bensch et al., 2009).
2.4 Phylogenetic analyses

We assessed phylogenetic relationships among the detected

parasite haplotype. We obtained 39 unique haplotypes and renamed

sequences that had a 100% match in the MalAvi database according to

the deposited names. We considered cytb haplotypes differing by one

or more base pairs to represent a new lineage. We applied a strict clock

model with Yule speciation prior in BEAST v1.10.4 (Drummond and

Rambaut, 2007). We compared the AICc values of various nucleotide

substitution models and chose the GTR+I+G model as the best-fitting

one, based on its lowest AICc value, using jModelTest (Version 2.1.1)

(Posada, 2008). We ran for 1,000,000 generations with sampling every

100 iterations. Subsequently, we used Tracer v1.7.1 (Rambaut et al.,

2018) to check the convergence in the case that Effective Sample Size

(ESS) exceeded 200 and constructed a maximum clade credibility tree

using TreeAnnotator v1.10.4 (burn-in = 2,500, node height = median

heights) (Drummond and Rambaut, 2007).
2.5 Statistical analyses

We first applied the Bayesian Generalized Multilevel Model

(BGMM) to assess how inter-specific traits of the avian hosts

influenced their parasite infection probability. We excluded an

individual Collared owlet (Glaucidium brodiei) from these analyses

since this is the only carnivore species in our sampled dataset. In this

model, the status of parasite infection of each of the 213 sampled

individuals of 50 species was treated as a response variable (binary:

coded as 1 for infected individuals, and 0 for non-infected

individuals). We used the ‘Bernoulli’ family with a logistic

distribution. We used default priors, and ran four chains, with

10,000 iterations per chain. In each chain, the first 5,000 iterations

were used as burn-in and were discarded. We accounted for

phylogenetic relatedness among 50 species by incorporating a

covariance matrix among species as a random effect. To do this, we

pruned 10,000 phylogenetic trees for these species from a global

dataset (birdtree.org) (Jetz et al., 2012), and subsequently computed a

Max Clade Credit tree for further analyses using the “maxCladeCred”

function in the R package “phangorn” (Schliep, 2011). As predictors,

we included a range of ecological and life history traits for each

species, encompassing body mass, nest type (categorized as open vs.

closed nests), diet (classified as omnivores, insectivores, or

herbivores), foraging strata (ranked from 1 to 5 representing

ground, understory, middle-high, canopy and aerial), and mixed-

species flock tendency (mixed-species flocker vs. non-flocker). We

calculated the mean body mass for each species at each site based on

our own measurements. We obtained the nest type (Billerman et al.,

2020), diet (Wilman et al., 2014), and foraging strata (Wilman et al.,

2014) from global datasets. Additionally, we checked the mixed-

species flock tendency for each species from a published dataset
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pertaining to birds in our region (Zhou et al., 2019). We also included

the site as a random effect to account for infection differences of

species between the two sites.We conducted similar analyses for three

parasite genera separately.

Then, we used a BGMM to assess the association between intra-

specific traits and the parasite infection probability of individual

birds. We were interested in exploring how the body condition and

physiological responses of individuals related to variations in

infection probability within species. Thus, we retained species with

more than five individuals from our analyses, resulting in a dataset of

121 individuals from eight species. We included, species, and

phylogeny as random variables in the model to control for the

interspecific trait variation. We also included site as random effect

to account for variation explained by environmental effects. The

status of parasite infection for each individual bird was again modeled

as a binary response variable. We included four individual-level traits

as predictors. These included three traits indicative of the body

condition of individual birds, encompassing body mass, fat and

muscle reserves; as well as one trait serving as a proxy of acute

stress response, namely breath rate. To test the potential influence of

sampling time on breath rate, we extracted the residuals from a

separate linear mixed-effects model, in which breath rate was

included as a response variable, and time of day (number of hours

since dawn) as a predictor, together with species identity and site as

the random effects, following Liang et al. (2018). We standardized the

residual breath rate, and another continuous variable, body mass, to

have a mean of 0, and a standard deviation of 1.

We used “brms” package (Bürkner, 2017) to run our BGMM,

“nlme” package (Pinheiro et al., 2017) to run linear mixed effects

model, and ggplot2 (Wickham et al., 2020) for visualization in R

software v4.2.1 (R Core Team, 2019). In each model, we considered

variable(s) with 95% credible intervals (CI) that did not overlap

with zero as statistically significant.
3 Results

3.1 Infection prevalence and
parasite haplotypes

Among 214 individual birds screened, 53.74% tested positive for

blood parasites. The prevalence of haemosporidian at the lowland

agriculture site was 69.70% (69 out of 99 sampled individuals), and

40.00% (46 out of 115 sampled individuals) at the highland forest

site. When categorized by season, the prevalence during breeding

and non-breeding season was 38.64% (17 out of 44 individuals) and

57.65% (98 out of 170 individuals), respectively.

Prevalence varied among species, from 6.25% in the Green-

tailed Sunbird (Aethopyga nipalensis) (N = 16 individuals) to

66.67% in the Scaly-breasted Munia (Lonchura punctulata) (N =

24 individuals) (Table S1). The prevalence of Haemoproteus,

Plasmodium, and Leucocytozoon were 16.36% (highland forest

site: 2.61%, lowland agricultural site: 32.32%), 16.36% (highland

forest site: 2.61%, lowland agricultural site: 31.31%), and 11.68%

(highland forest site: 17.39%, lowland agricultural site: 6.06%),

respectively. We found multi-infections in 21 (out of 214, 9.81%)
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individuals from nine species (Table S1). These samples were

discarded in the following analysis.

We detected 39 parasite lineages, including 11 Haemoproteus

lineages, 10 Plasmodium lineages, and 18 Leucocytozoon lineages

(Figure 1). Among the 39 detected lineages, 43.59% (17 lineages) were

found only in highland forest birds and 51.28% (20 lineages) found

only in lowland farmland birds. Only 5.13% (two lineages) were

found in both sites, and which were recorded in different species

(Table S1). The prevalence of Haemoproteus, Plasmodium, and

Leucocytozoon were 18.13% (highland forest site: 3.12%, lowland

agricultural site: 32.65%), 18.13% (highland forest site: 4.17%,

lowland agricultural site: 31.63%), and 13.47% (highland forest site:

20.83%, lowland agricultural site: 6.12%), respectively. We detected

21 new lineages that have not been previously reported in the MalAvi

database, including five Haemoproteus lineages, three Plasmodium

lineages, and 13 Leucocytozoon lineages (Table S1).
3.2 Effects of species’ ecological and life-
history traits

For three parasite genera, two key traits, body mass and diet, are

important traits in explaining inter-specific differences in infection

probability (Figure 2). Larger species were more likely to be infected

than smaller species (Table S2). The infection probability in

omnivore species was significantly lower than that of herbivore

and insectivore species (Table S2). In contrast, nest type, foraging

strata, and the tendency to join mixed-species flocks did not show

any significant associations with infection probability (Figure 2,

Table S2). These patterns were primarily driven by the infection of

Plasmodium (Table S2). No significant associations were recorded

between any of these traits and the infection probabilities of

Haemoproteus and Leucocytozoon (Table S2).
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3.3 Effects of individuals’ body condition
and stress responses

For the eight species with more than five individuals (marked in

bold in Table S1; see Figure S1 for the prevalence of individual

species), we detected an overall parasite prevalence of 58.68% (71

out of 121 individuals). Among the three individual traits related to

body condition, fat reserves, but not body mass and muscle reserves,

was the important factor in explaining variations of intra-specific

differences in infection probability (Figure 3). The infected

individuals were those with better body condition, as represented

by greater fat reserves (Table S3). In contrast, there was no

significant association between individual infection probability

and stress response, as indicated by breath rate (Figure 3).
4 Discussion

In this study, we assessed how host traits influenced inter- and

intra-specific variation in susceptibility to parasite infection in two

typical habitats within a biodiversity hotspot in southwestern

China. Smaller bird species and omnivores exhibited lower

susceptibility to parasite infections when compared to larger

species and those with specialized diets such as insectivores and

herbivores. Interestingly, among individuals of common species,

infected individuals tended to show better overall body condition, as

indicated by their greater fat reserves.

While accounting for phylogenetic and site factors, our inter-

specific analyses have indicated an association between diet, body

mass, and the likelihood of species being infected. As anticipated

and consistent with previous research (Scheuerlein and Ricklefs,

2004; Filion et al., 2020), our findings demonstrate that larger

species tend to have a higher probability of infection. Body mass
FIGURE 1

Phylogenetic relationships between parasite haplotypes detected in forest and farmland birds at the Gaoligong Mountains in southwestern China.
The parasite haplotype found only in lowland farmland or highland forest was indicated by blue or red circle, respectively. The yellow circle indicates
the parasite haplotype found in both sites.
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may influence infection probability at the species level in two ways.

First, larger host species often emit more carbon dioxide, which

serves as a cue for dipteran vectors seeking hosts and may attract

them more to larger species (Estep et al., 2012; Gutiérrez-López

et al., 2019). Secondly, larger host species are more visually

conspicuous, which could make them more susceptible to be

attacked by haemosporidian vectors. Contrary to our initial

prediction, omnivore species exhibited a lower infection

probability compared to insectivores and herbivores. This pattern

could be partially attributed to the prevalence of omnivores with

low infection rates in the highland forest site. Among the 43

omnivore individuals in our study, 37% (16 individuals) belonged

to the Green-tailed Sunbird, which is an abundant species in our

highland forest site. Notably, this species showed a very low

infection probability, with only one out of 16 individuals being

infected. Potential confounding environmental factors, such as low

temperature and heavy wind, may limit the abundance of mosquito

vectors at higher elevations, resulting in a low parasite prevalence of

the omnivores dwelling in those environments.
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Contrary to our prediction, we showed that infected individuals

are those with better body condition, characterized by greater fat

reserves, although there were no differences in body mass and

muscle score between infected and non-infected individuals. While

a negative relationship between body condition and parasite

susceptibility was typically anticipated, this assumption has been

challenged by research employing various indicators of body

condition (Sánchez et al., 2018; Rodriguez et al., 2021). Our

findings aligned with recent studies that have also indicated that

individuals with better body condition are more likely to be infected

(Jiménez-Peñuela et al., 2019; Gupta et al., 2020). This may suggest

that individuals in better condition could exhibit greater tolerance

for higher parasite loads, which can be more easily detected, while

those in worse body condition might experience higher mortality

rates or only be tolerant to lower parasite loads that are more

challenging to be detected (Sánchez et al., 2018). Here, we also

explored relationship between parasite infection and stress/

respiration responses, as measured by breath rate across species

in different communities. We did not find a significant association

between parasite infection and breath rate, after accounting for the

effect of sampling times (Liang et al., 2018). This result, together

with Marinov et al. (2017) who observed comparable breath rate

between infected and non-infected nightingales, may suggest a lack

of respiratory responses to acute restress among chronically

parasitized birds (Cornelius et al., 2014). Alternatively, breath rate

may not be a reliable measurement for capturing physiological

responses to parasite exposure, as other correlational and

experimental studies have demonstrated the increased stress

responses with parasite exposure using other stress indicators

(Schoenle et al., 2017; Krause et al., 2021). Finally, we note that

our samples only allow us to assess the relationships between the

infection of the overall haemosporidian (i.e., pooled three parasite

genera) and breath rate. Additional sampling is required to attain a

sufficient sample size for examining this relationship for individual

parasite lineages, which may result in varying physiological

consequences to the hosts (Fecchio et al., 2020).

Our data did not allow for a statistically comparison of infection

probability between the two habitats and among seasons. It is likely

that lowland farmland birds (prevalence: 69.70%) had a greater

susceptibility to parasite infection than highland forest birds

(prevalence: 40.00%). Also, highland forest birds seem more

susceptible to Leucocytozoon haplotypes and more likely to harbor

multi-infections (19 individuals out of 21 detected). These patterns

might have been influenced by both environmental factors and species

characteristics. First, compared to higher elevations, the valley in this

region has significantly warmer temperatures (Pan et al., 2019), which

may facilitate a higher abundance of mosquitoes, and, consequently, a

greater probability of encountering mosquito vectors (Garamszegi,

2011; Zamora-Vilchis et al., 2012; Padilla et al., 2017). Supporting this

view, previous studies conducted in our study region suggested that

bothmosquitoabundance andrichnessdecrease as elevationrises from

900 to3,280m(Sunet al., 2009). Second, similar effectsmightbecaused

by open farmland environments andhumanhabituation being close to

water sources, resulting in more available mosquito hosts in our

lowland farmland site (Li et al., 2017). Third, susceptibility to

parasite infection likely differs between farmland and forest birds.
FIGURE 3

Impacts of intra-specific traits of avian hosts on overall parasite
infection probability. Significant effects (95%CI of coefficients do not
overlap with zero) are marked in bold. Detailed model results can be
found in Table S3.
FIGURE 2

Impacts of inter-specific traits of avian hosts on overall parasite infection
probability. Significant effects (95%CI of coefficients do not overlap with
zero) are marked in bold. Detailed model results can be found in Table S2.
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Werecorded verydifferent species in these two environments and only

two species were found in both areas (Table S1). Lastly, Leucocytozoon

haplotypes seem to adapt better to cooler environments, with a similar

pattern found in the New World bird communities (Reis et al., 2021;

Fecchio et al., 2023). Moreover, previous studies suggested higher

parasite prevalence during the breeding season than in the non-

breeding season (Cosgrove et al., 2008). Our study didn’t aim to

assess seasonal pattern of parasite infections due to the unbalanced

sampling, although we observed high prevalence in non-breeding

season. Future studies with additional samplings in more sites, wider

elevational gradient, diverse habitats, andmore seasons are needed for

a broader understanding of how abiotic environmental factors affect

parasite infection patterns.

In summary, our study has identified certain species traits, such

as body mass and diet of the host species, as important factors in

explaining interspecific differences in infection patterns. Additionally,

our intra-specific analyses have highlighted a potential link between

improved body condition and increased resilience to high parasite

loads. These findings provide further support for studies in other

mountain regions demonstrating the influence of host traits, at both

the species and individual levels, on interactions betweenparasites and

hosts (Barrow et al., 2019; Gupta et al., 2020). To gain a more

comprehensive understanding of how abiotic factors such as

elevation, temperature, and rainfall, as well as human disturbances

like habitat transformation, jointly influence the dynamics of host-

parasite interactions in this biodiverse region, future research should

expand its sampling to encompass a broader range of landscapes and

elevations. Such effortswill shed further light on the complex ecological

interaction between hosts and parasites in montane areas under

climate and land use changes. Finally, our study showed high

prevalence of parasite infections in lowland farmland birds within an

understudied and highly biodiverse region, which is threatened by

increasing land-use changes particularly linked to agriculture (Zhang

et al., 2014; Liang et al., 2021). More research must be conducted on

montane birds’ susceptibility to parasite infection, especially among

communities threatened by dramatic land use changes.
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Ilgūnas, M., Romeiro Fernandes Chagas, C., Bukauskaitė, D., Bernotienė, R., Iezhova,
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Rodrıǵuez-Hernández, K., Álvarez-Mendizábal, P., Chapa-Vargas, L., Escobar, F.,
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