& frontiers

@ Check for updates

OPEN ACCESS

Jenny C. Dunn,
University of Lincoln, United Kingdom

Pavel Munclinger,

Charles University, Czechia
William Jones,

University of Debrecen, Hungary

Finja Strehmann
finja.strehmann@biologie.uni-marburg.de

25 November 2022
20 April 2023
10 May 2023

Strehmann F, Becker M, Lindner K, Masello JF,
Quillfeldt P, Schumm YR, Farwig N,

Schabo DG and Résner S (2023) Half of a forest
bird community infected with haemosporidian
parasites.

Front. Ecol. Evol. 11:1107736.

doi: 10.3389/fevo.2023.1107736

© 2023 Strehmann, Becker, Lindner, Masello,
Quillfeldt, Schumm, Farwig, Schabo and
Rosner. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Ecology and Evolution

Frontiers in Ecology and Evolution

Original Research
10 May 2023
10.3389/fevo.2023.1107736

Half of a forest bird community
Infected with haemosporidian
parasites

Finja Strenmann®*, Marcel Becker?, Kim Lindner?,
Juan F. Masello?, Petra Quillfeldt?, Yvonne R. Schumm?,
Nina Farwig?, Dana G. Schabo! and Sascha Résner?!

!Conservation Ecology, Department of Biology, Philipps-Universitat Marburg, Karl-von-Frisch-StraRe,
Marburg, Germany, 2Behavioural Ecology and Ecophysiology Group, Department of Animal Ecology
and Systematics, Justus-Liebig-Universitat Giessen, Heinrich-Buff-Ring, Giessen, Germany

Introduction: Parasites play important roles in ecosystems. Through their
interactions with host and vector species, they are capable of changing the behavior
and population dynamics of their host species, and the shape of entire communities.
Over the past years, many studies have acknowledged the role of parasitism for
host populations and communities and discovered their important regulatory
functions for many vertebrate populations. Although birds are a well-studied group
of vertebrates, the infection patterns of endoparasites at the community level are
not fully understood. Some bird species and families are known to have a higher
susceptibility to certain endoparasites than others, which may be driven by their
abundance in the community.

Methods: Over the course of four consecutive breeding seasons (2019-2022),
we monitored the patterns of endoparasite infections in a bird community of a
temperate forest ecosystem. We sampled 483 birds belonging to 29 Palearctic species
and investigated the prevalence of blood parasites (haemosporidian parasites) and
Trichomonas spp. using molecular methods.

Results: We found an overall prevalence of 48.1% of haemosporidians belonging
to 53 genetic lineages of the three genera Haemoproteus, Leucocytozoon, and
Plasmodium spp. While the bird families Turdidae (94%) and Paridae (76%) showed a
high prevalence of haemosporidians, Certhiidae, and Picidae were not infected (0%).
Host—parasite network analysis detected high variability in interactions. Infections
with Trichomonas spp. were not observed in the forest bird community.

Discussion: We found that the prevalence and lineage diversity of haemosporidian
parasites differed between avian families and that the parasite prevalence of a family
could not serve as a predictor of lineage diversity. To further assess the consequences
of these host—parasite interactions for bird communities, future research should aim
to disentangle the infection pathways in different ecosystems while also considering
the vector community and environmental factors.

blood parasites, endoparasites, parasite infection, host—parasite interactions,
trichomonas, avian malaria

1. Introduction

Parasites play an important role in ecosystems and are known for their ability to influence
population dynamics and shape communities (Gomez and Nichols, 2013; Poulin, 2014). However,
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these species have long been underrepresented in conservation and
ecological studies (Gomez and Nichols, 2013; Okamura et al., 2018).
Over the past few years, more studies have focused on the role of
parasites in ecosystems and revealed that the effects on their hosts are
manifold (Gomez and Nichols, 2013). Parasites can lead to a decrease
in the abundance of hosts, loss of fitness, or behavioral changes in
infected individuals (Gomez and Nichols, 2013). Overall, parasites are
capable of modulating populations and communities of host species and
help maintain ecosystem integrity (Gomez et al., 2012). These findings
highlight the importance of monitoring parasites in different ecosystems
to understand their functions and to consider them in
conservation strategies.

Birds are a group of hosts that are of special interest for studies on
the spread of diseases and parasitism. Due to their high mobility and
the large proportion of migratory species, their parasites and
pathogens have the opportunity to spread globally (Fuller et al., 2012).
However, information on the spatial distribution of most avian
parasites remains limited (Fuller et al., 2012). Mutations in parasites
or changes in climatic conditions can lead to changes in distribution
ranges, thereby inducing changes in the population of the host species
(Atkinson and LaPointe, 2009; Garamszegi, 2011; Fuller et al., 2012;
LaPointe et al., 2012; Loiseau et al., 2013; Alkishe et al., 2017).

Blood parasites of the order Haemosporida are a relatively well-
studied group of avian parasites (Valkitnas, 2005; Clark et al., 2014;
Ishtiag, 2021). They are found almost globally in most avian families
(Valkitinas, 2005; Bensch et al., 2009; Quillfeldt et al., 2011; Clark
etal, 2014; Vanstreels et al,, 2014; Masello et al., 2018). Haemosporida
are known to affect plumage coloration (Romano et al., 2019), body
condition (Valkitinas et al., 2006), reproductive success (Knowles
et al, 2010), and survival (Bennett et al., 1993; Bueno et al., 2010) of
avian hosts. The severity of the infection depends on the period of
infection, infection intensity, initial infection dose, and physiological
condition of the host (Valkitinas, 2005; Dadam et al., 2019).

In recent years, research on host—parasite interactions has expanded
to study single bird species (Ots and Horak, 1998; Atkinson et al., 2000;
Garvin et al,, 2003; Dadam et al., 2019; Romano et al., 2019; Names et al.,
2021) using a community approach, investigating parasite prevalence
differences and the effects of climate change, seasonality, habitat quality,
and fragmentation on transmission and infection rates (Bonneaud et al,,
2009; Garamszegi, 2011; Laurance et al., 2013; Ellis et al., 2015, 2017;
Ferreira Junior et al., 2017; Harvey and Voelker, 2019; Ellis et al., 2020;
Sujanové et al., 2021). Previous studies on host-parasite interactions at the
community level have either been conducted in tropical ecosystems
(Ferreira Junior et al., 2017; Fecchio et al., 2018; Lopes et al., 2020) or in
wetland-associated ecosystems (Ellis et al., 2020; Sujanovd et al., 2021).
However, there is a lack of research in temperate managed forests, which
limits our understanding of the distribution of host-parasite interactions
within the community and how host-parasite interactions vary across
different ecosystems. Additionally, human activities, such as logging and
urbanization, are known to alter the distribution and abundance of bird
species (Schulze et al., 2019) and parasites in ecosystems (Laurance et al,,
2013; Santiago-Alarcon et al, 2013). Therefore, further research in
temperate-managed forests is necessary to bridge this knowledge gap and
provide a more comprehensive understanding of haemosporidian host-
parasite interactions at the community level. To our knowledge, host-
parasite interactions in European-managed forests have not been
previously addressed.

Host-parasite characteristics in bird communities exhibit
several features. Some bird families are more frequently affected by
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parasites. Some show high parasite prevalence or diversity, whereas
others host only a few but highly specific parasites, and others are
rarely infected (Ellis et al., 2017, 2020; Sujanové et al., 2021). It has
been suggested that abundant host species show a higher parasite
diversity due to more closely related species and conspecifics in the
same ecosystem, but also a higher parasite prevalence due to higher
exposure to vectors (Ellis et al., 2017). However, the connection
between parasite prevalence and diversity in bird families is not yet
fully understood.

In this study, we focused on the prevalence of haemosporidian
parasites and Trichomonas spp. in a temperate forest bird community.
The latter is reported to infest raptors and pigeons (Amin et al., 2014)
and is caused by microaerophilic protozoa that induce lesions mainly
in the upper digestive tract of birds and is transmitted either directly
by feeding on conspecific individuals, e.g., in raptors, or indirectly
through shared food or water sources (Atkinson et al., 2008; Amin
etal., 2014). In 2005, populations of Chloris chloris declined in Great
Britain due to infection with Trichomonas gallinae. Similar infection
patterns have been observed in other countries (Peters et al., 2009;
Lawson et al., 2012; Amin et al., 2014). Trichomonas gallinae is an
example of host switching, as it was indirectly transmitted from
Columbiformes to Passeriformes, especially to finches, and caused
high mortality in their new host species (Lawson et al, 2012).
Although infections with T. gallinae in passerines are best known from
C. chloris, other passerines, such as Fringilla coelebs, Erithacus
rubecula, and Turdus merula, have also been found to be infected
(Quillfeldt et al., 2018).

The aim of this study was to assess and describe the overall
prevalence, genetic lineage diversity, and underlying host-parasite
network of the endoparasites Haemosporida (Plasmodium,
Haemoproteus, and Leucocytozoon) and T. gallinae in a European
forest bird community during the breeding season. We created a
bipartite network and calculated common network parameters to gain
insights into interaction diversity and patterns, such as shared lineages
within and across avian host families and host specificity within a
well-defined community. We hypothesized the following: (1) Parasite
prevalence differs between host bird families and is expected to
be higher in abundant families such as Paridae and Turdidae. (2) Some
families host a higher diversity of parasite lineages, with abundant
families exhibiting a higher diversity, and (3) the parasite diversity of
bird species affects the parasite prevalence. Here, we also expected that
common bird species, such as Parus major, Erithacus rubecula, Sylvia
atricapilla, and Turdus merula have high parasite prevalence and
lineage diversity. Unveiling the current infection patterns of
endoparasites enables the recognition of potential changes within
species or communities in the future.

2. Materials and methods

The study was conducted in the “Marburg Open Forest,” a
250-ha-sized managed forest in Hesse, Germany. The forest consists
of mixed stands dominated by Fagus sylvatica and Quercus robur
mixed with Pseudotsuga menziesii and Picea abies. Captures were
conducted from mid-March to August for four consecutive years,
starting in 2019. We set up 10 capture sites in the forest and conducted
three sampling rounds in 2019 and six sampling rounds were
conducted in each year from 2020 to 2022 (30/60 capture events per
year). Birds were captured using a standardized set up with three mist
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nets (12m length, 2.5m height, mesh size 16 mm x 16 mm) in one
row per site. Starting in 2020, we used high nets with double the
height for every other capture event. At each capture event, the nets
were open for 3h during early morning. Birds were not attracted by
food or playback. In addition, extra captures were carried out for
some species; raptors and crows were caught using the Dho-Gaza
method with a mist net (12m length, 3m height, mesh size
60 mm x 60 mm) and a stuffed eagle owl placed in front of the net at
the forest edges. Additionally, we captured Phylloscopus sibilatrix
during separate mist-netting events (mist net: 12m length, 2.5m
height, mesh size 16 mm x 16 mm) with playback throughout the
forest at locations where the males were singing. All birds were
marked with rings to identify the recaptures and permission was
obtained from the Heligoland Bird Observatory (Institut fiir
Vogelforschung Heligoland, Germany). We sampled 476 birds
belonging to 29 Palearctic species and investigated the prevalence of
blood parasites (haemosporidian parasites) and Trichomonas spp.
using molecular methods.

2.1. Sample collection

Blood was sampled from the captured birds with the permission
of the regional council of Giessen, Hesse, Germany (V 54-19 ¢ 20 15h
01 MR 20/15 Nr. G 10/2019) by puncturing the brachial vein, and
storing a minimal amount of blood on Whatman FTA Classic cards
(Whatman, United Kingdom). The blood samples were kept dry until
further processing. For the detection of possible infection with
Trichomonas spp., we took saliva samples with oral swabs which were
then stored in Trichomonas selective culture medium (Trichomonas
medium REF EB0861C, OXOID Deutschland GmbH, Wesel,
Germany) and incubated at 37°C for five to 7 days. Samples were
fixed after the first centrifugation (3,200 rpm for 5min). We added
1 mL of Phosphate-Buffered Saline (PBS), centrifuged once more
(3,200 rpm, 5min), removed the PBS, and stored the samples in a
freezer for further processing (Quillfeldt et al., 2018).

2.2. Sequencing

Blood and saliva samples were further processed for DNA
sequencing in an external laboratory (Ecogenics GmbH, Balgach,
CH). DNA was extracted and isolated using the DNeasy Blood and
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Tissue Kit (QIAGEN, Valencia, CA, United States). PCR was
conducted using parasite-specific primer pairs, and blood samples
were sequenced using nested PCR (Table 1, Hellgren et al., 2004;
Quillfeldt et al.,, 2018). To exclude laboratory errors, positive and
negative controls were included in all PCRs. The sequences were
uploaded to GenBank® and are available under the accession
numbers 0Q311003-0Q311317.

2.3. Data processing and statistics

The resulting sequences (~480bp) of the mitochondrial
cytochrome b gene of Haemosporida were trimmed and assembled
using the CodonCode Aligner software (CodonCode Corp., Dedham,
MA). Except for 53 samples determined only to the genus level
because of low-quality regions (possibly indicative of multiple
infections), all sequences were free from conflicts in the forward-
reverse alignment and had the same length as the reference data of
the MalAvi database (Bensch et al., 2009). Samples were assigned to
a parasite lineage, using the reference data of the MalAvi database
(Bensch et al., 2009) and the ‘Identify Sequence’ tool of CodonCode
Aligner. We compared the sequences to the best match of the
reference sequences, and in the case of a 100% match, assigned to a
lineage. Some samples (53) could not be matched 100% to one
lineage, owing to low-quality regions. The quality of these samples
was maintained even after repeated sequencing. Thus, we determined
these samples to the genus level and hereafter refer to them as Lineage
undetermined. This was the case for 46 Leucocytozoon spp. samples
and eight Haemoproteus spp. samples (one sample was positive for
both genera). There were no problems in assigning lineages to any
Plasmodium spp. positive samples. For repeat samples from
recaptured birds, additional lineages were added to the dataset of the
respective birds.

To assess and describe our host-parasite community, we assessed
the prevalence of each parasite genus in each bird species. We created
a stacked bar chart to show the abundance of bird species and the
parasite prevalence of the three genera using R (R Core Team, 2022)
and the package ggplot2 (Wickham, 2016). To elucidate interactions
between host bird species and parasite lineages, we compiled an
interaction network using the bipartite package (Dormann et al.,
2008) in R. To describe the host parasite network, we calculated
further network-specific parameters and values. The degree indicates
the sum of interactions per species or parasite lineage (Dormann

TABLE 1 Primer pairs for the detection of Haemosporida (cyt b) and Trichomonas spp. (ITS1-5.85-ITS2).

Primer Sequence Reference
Haemoproteus spp. Plasmodium HaemNFI 5-CATATATTAAGAGAAITATGGAG-3’ Hellgren et al., 2004
spp., and Leucocytozoon spp. HaemNR3 5 ATAGAAAGATAAGAAATACCATTC-3 Hellgren et al., 2004
Plasmodium spp. and HaemF 5-ATGGTGCTTTCGATATATGCATG-3' Hellgren et al., 2004
Haemoproteus spp. HaemR2 5. GCATTATCTGGATGTGATAATGGT-3’ Hellgren et al., 2004

HaemFL 5-ATGGTGTTTTAGATACTTACATT-3’ Hellgren et al., 2004
Leucocytozoon spp.

HaemR2L 5’-CATTATCTGGATGAGATAATGGIGC-3’ Hellgren et al., 2004

TFR1 5 TGCTTCAGTTCAGCGGGTCTTCC-3 Quillfeldt et al., 2018
Trichomonas spp. R

TFR2 5. CGGTAGGTGAACCTGCCGTTGG-3 Quillfeldt et al., 2018
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etal,, 2008), the paired differences index (PDI) provides information
on the generality (0) or specificity (1) of the species or parasite lineage
(Poisot et al., 2012), and effective partners is the effective number of
interacting partners (hosts or parasites) if each partner was equally
common (Bersier et al., 2002) at the parasite and host levels
(Tables 2, 3).

We tested for differences in parasite prevalence (proportion of
infected individuals) between bird families by performing a
chi-square test in R. To assess differences in lineage diversity (number
of haemosporidian lineages) among bird families, we used a
chi-square goodness-of-fit test, assuming an even distribution of
lineages among all bird families. For both tests, we included only bird
families with at least ten individuals, to avoid overestimation of
parasite prevalence or lineage diversity based on a small sample size.
We calculated a mixed-effects model to test the effect of effective
partners on parasite prevalence in bird species using the Ime4
package (Bates et al., 2015). We included family as a random effect to
correct for closely related species and tested for the impact of family
by calculating the marginal and conditional r-squared values.

3. Results

Over the course of four breeding seasons, we captured and
sampled 483 individual birds (68 recaptures) belonging to 29 species
and collected 542 blood and 396 saliva samples. Four of the bird
species were represented by only one individual. The species-specific
sample sizes are shown in Figure 1.

We detected Haemosporida infections in almost half of our
samples (48.1%, including 53 samples with genus undetermined).
In 14 bird species, we detected blood parasites in at least half of the
individuals (note that one of the 14 species was represented by only
one individual; Figure 1). Infections with Haemoproteus spp. were
the most common (67.7% of infected samples), followed by
Leucocytozoon spp. infections (59.8%). Only 7.9% of Haemosporida-
positive individuals were infected with lineages belonging to
Plasmodium spp. Distribution of the three blood parasite genera
was unequal within the bird community. Sylvia atricapilla was not
infected with Leucocytozoon spp., whereas all but one (uninfected)
of the sampled individuals of Cyanistes caeruleus were positive for
Spp-»
Haemoproteus spp. Plasmodium spp. were found in only five of the

Leucocytozoon most of them in combination with
sampled species: three Turdus spp., E. rubecula, and S. atricapilla
(Figure 1).

We did not detect any infection with T. gallinae within the
bird community.

3.1. Host—parasite network

Overall, we identified 53 haemosporidian parasite lineages,
including 22 lineages of Haemoproteus spp., 26 lineages of
Leucocytozoon spp., and five lineages of Plasmodium spp.
(Supplementary Figures S1-3). All the detected parasite lineages have
been previously described. The most frequent lineage, H_PARUSI
(H. majoris, found in 98 birds), was detected in P. major (66.3% of all
H_PARUSI positive samples), C. caeruleus (18.4%), E. rubecula
(1.0%), Poecile palustris (5.1%), Sitta europaea (7.1%), and
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S. atricapilla (2.0%). The second most common lineages were L_
PARUS4 and H_TURDUS?2 (22 birds each). L_PARUS4 was found in
four host species, namely C. caeruleus, Lophophanes cristatus,
P. major, and P. palustris, whereas H_TURDUS?2 was only found in
T. merula (Figure 2).

At the parasite level the Haemoproteus spp. lineage PARUS1 had
the highest degree value (6) and compared to the other Haemoproteus
spp. lineages, it was the most generalist lineage (PDI=0.950) and had
the highest number of effective partners (3.616). The most generalized
lineage in our network was Leucocytozoon spp. PARUS20 (PDI=0.84)
which was also the lineage with the most effective partners (4.37)
among the three genera. PARUS20 also had the highest degree (5) of
Leucocytozoon spp. lineages. In the Plasmodium spp. lineages, LINN1
had the most interactions (3), the lowest PDI (0.921), and the most
effective partners (2.872). On the host side of the network, the species
with the highest degree value, and thus most parasite lineages, were
P major (9), followed by E. rubecula (8), C. caeruleus (8), and
T. philomelos (8). Although we detected a low parasite prevalence in
E. rubecula (13.1%), it was the most generalized host species
(PDI=0.949) and had the highest number of effective partners
(7.187).

3.2. Parasite prevalence and lineage
diversity

As hypothesized, parasite prevalence was not evenly distributed
among bird families (N> 10) in the studied community (chi-square
test: y* (10, N=462)=196.4, p<0.01). The prevalence of
haemosporidian parasites was the highest in Turdidae (94.3%, 50/53
individuals) and Paridae (75.6%, 99/131 individuals). In contrast, the
Certhiidae (25 individuals) and Picidae (13 individuals) were not
infected (Figure 1, Supplementary Table S4). Likewise, lineage
diversity (number of parasite lineages per host family) was
significantly different between avian families, as confirmed by the
chi-square goodness-of-fit test, y* (10, N=59)=43.0, p<0.01.

There was no significant effect of effective partners on parasite
prevalence (estimate =0.039; std. error=0.034, p=0.257). To estimate
the proportion of variation explained by the fixed and random effects,
we computed the marginal and conditional R-squared values. While
the fixed effect of effective partners had a modest effect (R*=0.03) in
explaining the variation in parasite prevalence among infected bird
species, the random effect of bird family had a more substantial effect
(R*=0.39).

4. Discussion

We detected an overall prevalence of haemosporidian parasites
of 48% (N=229/475) in a forest bird community consisting of 29 bird
species belonging to 16 avian families and detected 53
haemosporidian lineages. The recorded infections were not equally
distributed across the community, with some abundant families and
species being more frequently infected (e.g., Turdidae and Paridae)
than others. Other rare families, such as Picidae and Certhiidae, were
not infected. In contrast to the high prevalence of Haemosporida,
we did not detect a single infection of T. gallinae in the studied
bird community.
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TABLE 2 Network information on haemosporidian lineages: degree indicates the sum of hosts per parasite lineage, paired differences index (PDI)
provides information on the generality (0) or specificity (1) of this lineage and effective partners is the effective number of partners if each partner was
equally common (Dormann et al., 2008).

Genus

Haemoproteus

Lineage
CCF1

Degree
1

PDI
1

Effective partners
1

CCF2

1

1

1

CCF3

1

1

1

CCF6

1

1

CCF23

0.974

1.890

CIRCUMO5

CUKI1

0.974

1.890

DUNNOO1

GAGLA02

HAWF6

PARUS1

PHSIB1

PHSIB2

ROBIN1

SYATO1

SYAT02

SYATO03

SYAT14

TUCHRO1

TUPHIO1L

TURDUS2

Ww2

Leucocytozoon

AEMO02

BRAM3

BT2

CCORAXO03

CCORAXO07

COCORO02

GAGLA06

NEVEO01

PARUS4

PARUS7

PARUS11

PARUS12

PARUS14

PARUS16

PARUS18

0.965

1.960

PARUS19

0.984

1.988

PARUS20

0.930

4.371

PARUS21

PARUS22

0.842

PARUS33

SFC8

STUR1L

TUMERO1

TUPHIO6

TUPHI13

TUPHI14

Plasmodium

AEMOO01

LINN1

0.921

2.872

SGS1

SYAT05

0.994

1.384

TURDUSI1
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TABLE 3 Network information on 20 infected bird species: degree

indicates the sum of links per species, paired differences index (PDI)
provides information on the generality (0) or specificity (1) of this species
and effective partners is the effective number of partners if each partner
was equally common (Dormann et al., 2008).
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4.1. Haemosporidian prevalence and
host-specificity

Infections with the three haemosporidian genera were commonly
found in the forest bird communities. Compared with another study
from central Germany, we found a higher prevalence of Haemoproteus
spp. and Leucocytozoon spp. (current study: H: 66.7%, L: 59.8%;
Schumm et al., 2019: H: 31.3%, L: 47.5%), whereas Plasmodium spp.
was less commonly found in our area (current study: 7.9%, Schumm
etal, 2019: 12.5%). Another study conducted in a woody wetland in
Slovakia found a higher prevalence of Haemoproteus spp. and
Plasmodium spp. (96%) and a lower prevalence of Leucocytozoon spp.
than those in our study (37%, Sujanové etal,, 2021); however, they did
not address Haemoproteus spp. and Plasmodium spp. separately. To
date, the drivers of such regional differences are not completely
known, but habitat suitability and vector abundance may contribute
to these different patterns. For instance, Schumm et al., 2019 discussed
that the high prevalence of Leucocytozoon spp. could be driven by the
number of forests and running water bodies in and around the study
area, which are suitable for the reproduction of Simuliidae, the vectors
of Leucocytozoon spp. (Zahar, 1951; Hellgren et al., 2008). However,
whether and how climatic and environmental factors determine the
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distribution of haemosporidian parasites remain unclear. Whereas
Ellis et al. (2015) found that the local distributions of Haemoproteus
spp. and Plasmodium spp. were driven by local host populations rather
than by environmental factors, Gonzalez-Quevedo et al. (2014) found
that the minimum temperature throughout the year was an important
predictor of the prevalence of Plasmodium spp. Valkitnas (2005)
suggested that the transmission of Plasmodium spp. decreased in
Europe north of 55° N, potentially because of low temperatures in
winter, which is one possible explanation for the low prevalence of
Plasmodium spp. in our study. The other two Haemosporida genera,
Haemoproteus spp. and Leucocytozoon spp., are known to
be transmitted at lower temperatures than those at which Plasmodium
spp. is transmitted (Mozaffer et al., 2022). The diversity and prevalence
of Leucocytozoon spp. increased at higher latitudes (Fecchio et al.,
2020). The local adaptations of hosts and parasites have also been
discussed to cause regional differences (Ellis et al., 2015). To the best
of our knowledge, this hypothesis has not been tested yet. It is likely
that the regional differences we found were not driven by a single
factor, but rather by a combination of climatic factors, vector
abundance, and regional host and vector community structures.
There were not only differences in the overall prevalence of
Haemosporida infection, but we also found differences in the host-
parasite network compared to other studies. When comparing the
number of lineages of each haemosporidian genus with those in
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other studies, our study revealed a comparably low number of
lineages (Ellis et al, 2020; Sujanov et al., 2021). The proportion of
lineages per genus, defined as the number of lineages within a genus
divided by the total number of lineages found, was found to be very
similar between Sweden and Slovakia. Specifically, the proportions
of Plasmodium spp., Haemoproteus spp., and Leucocytozoon spp.
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were 14%/13, 46%/47, and 40%/40%, respectively (Ellis et al., 2020;
Sujanové et al,, 2021). However, our analysis revealed a lower
percentage of Plasmodium spp. lineages (9%) and a relatively higher
percentage of Leucocytozoon spp. lineages (49%), as reported by Ellis
etal. (2020) and Sujanové et al. (2021). This could be caused by fewer
host species and a drier and less diverse habitat in our study
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compared to those of studies from Sweden and Slovakia, where the
study area consisted of woody wetlands and forest meadows
(Sujanova et al., 2021) or deciduous forests mixed with planted
spruce, partly wet soils with small ponds, reed beds, willow thickets,
and wet meadows surrounded by dry-grazed grasslands on sandy
soils (Ellis et al., 2020).

To further resolve geographical differences in host-parasite
interactions, better knowledge of the transmission sites is needed.
Migratory birds may have been infected at their stopover sites or their
wintering grounds. They have been found to have a higher parasite
prevalence and diversity than resident species (de Angeli Dutra et al,
2021a; Huang et al., 2022) and have the potential to disperse parasites
along their migratory routes, enhancing the spread of parasites (de
Angeli Dutra et al., 2021b). Previous studies have found that most
lineages that infect migratory birds are acquired during migration
rather than in their breeding grounds (Huang et al., 2022). However,
it is not possible to determine whether the lineages found in this study
were transmitted in our forest ecosystem or even in Europe, as some
of the host species we sampled were migratory birds. Because of the
low proportion of juvenile birds that had not yet migrated and the fact
that we did not sample potential vectors, we were not able to
disentangle the transmission sites in this study.

In terms of the host specificity of the parasite network presented
here, three out of 22 Haemoproteus spp. lineages (13.6%), five out of
26 Leucocytozoon spp. lineages (19.2%) and two out of five Plasmodium
spp. lineages (40%) were found in several hosts. This suggests that, in
general, Plasmodium spp. are generalists, whereas Haemoproteus spp.
seemed to be more host-specific, which is in line with the findings of
other studies (Ellis et al., 2020). However, the most generalist lineage
of our network was not a Haemoproteus spp. lineage but a
Leucocytozoon spp. lineage that was not found in the Swedish study
(Ellis et al., 2020) and was slightly more specific in the Slovakian study
(Sujanové et al., 2021). Contrary to the hypothesis posited by Poulin
(1998) that a higher prevalence of host-specific parasite lineages than
generalist lineages, our findings revealed that the most frequently
detected lineage (Haemoproteus spp. PARUS1) is a generalist one.
Notably, this lineage demonstrated the highest prevalence across three
host species, and also infected three additional species, albeit with a
lower prevalence. Our findings are in line with those of Hellgren et al.
(2009), who reported that parasites exhibiting a broad host range were
the most prevalent in their respective host species. The ability to infect
multiple host species enhances parasite transmission by increasing the
number of potential hosts and the likelihood of successful
transmission by vectors (Hellgren et al., 2009). This could explain why
some generalist parasites attain a high prevalence within their
host species.

4.2. Parasite prevalence and lineage
diversity of avian hosts

As expected, at the host level of the network, we found
significant differences in parasite prevalence and lineage diversity
among bird families. Turdidae (94.3%) and Paridae (75.6%) had a
particularly high parasite prevalence. Valkitinas (2005) has earlier
described that Passeriformes host the greatest number of
haemosporidian lineages. Even within the order Passeriformes,
some families such as Fringillidae, Muscicapidae, Paridae, Sylviidae,
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and Turdidae appear to be more susceptible to haemosporidian
parasites (Valkiunas, 2005). All these families, except Muscicapidae,
also had a parasite prevalence of over 50% in our study (see
Supplementary Table S4). We found similar patterns at the species
level, with some abundant species having particularly high parasite
prevalence, such as C. caeruleus (96.3%), P. major (78.3%), and
T. merula (94.3%). In contrast, certain Passeriformes, such as
Certhiidae, Troglodytidae, and Sittidae, exhibited a comparatively
lower parasite prevalence (Valkitnas, 2005). With the exception of
the family Sittidae, which had a prevalence of over 50% in our study,
our results are consistent with previous findings (Valkitnas, 2005).
Several species were not infected at all in our study, such as
P. collybita or C. familiaris. In contrast, Sujanovd et al. (2021)
detected that two of nine C. familiaris individuals were infected
with Plasmodium spp. in their study in Slovakia.

The high parasite prevalence in certain bird families and species
may be driven by several factors. One possible explanation could
be that the highly abundant species and families found in our study
are not only common in forests, but are also abundant in different
ecosystems (Gedeon et al., 2022). This could lead to an increased
vector-host encounter rate (Medeiros et al., 2013; Ellis et al., 2017).
Furthermore, the phylogenetic relationships among birds could lead
to a high parasite prevalence (O’'Connor et al,, 2016; Ellis et al., 2020;
Huang et al., 2022). Birds with many closely related species have
similar immune functions that allow the parasite to utilize several
closely related species as hosts, leading to both high parasite
prevalence and similar parasite communities (Davies and Pedersen,
2008; O’Connor et al., 2016; Clark and Clegg, 2017; Ellis et al., 2020).
Specifically, phylogenetically closely related host species display
comparable haemosporidian parasite prevalence and lineage
composition (Ellis et al., 2020; Huang et al., 2022). A common bird
family showing this pattern is the Paridae family, which shared a
considerable number of lineages in our study. In contrast, only a few
shared lineages have been identified in the Turdidae. The reasons for
the high degree of lineage sharing among Paridae birds and their
rarity in the Turdidae remain to be elucidated. Several possible
explanations exist, including a weaker immune response of Paridae
species to haemosporidian parasites, making them more vulnerable
to haemosporidian infections than Turdidae species (O’'Connor et al.,
2016). Furthermore, ecological factors could have contributed to this
observation, as Paridae birds tend to occur at higher densities, and
various species of Paridae coexist within a given ecosystem, whereas
Turdidae birds generally have lower densities and do not overlap as
much in their use of habitats (Poulin, 1998). The degree to which
lineage sharing is influenced by phylogenetic relationships versus
ecological and behavioral factors is uncertain. Nevertheless, it is likely
that multiple factors contribute to lineage sharing among
different families.

As observed in the overall prevalence of haemosporidian genera,
there are regional differences in the susceptibility of host species to
Haemosporida. These differences could be attributed to several
factors. Host-specific factors for high parasite prevalence include
breeding abundance, higher exposure to vectors (Kilpatrick et al.,
2006; Ellis et al., 2017), and evolutionary distinctiveness, as closely
related host species are often infected by the same generalist parasites
(Parker et al., 2015; Ellis et al., 2020). In addition to that there are also
environmental factors promoting high parasite prevalence and
diversity such as habitat quality and seasonal dynamics (Wood et al.,
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2007; Belo et al., 2011; Ferreira Junior et al., 2017; Sujanovai et al.,
2021). Parasite prevalence appears to be higher in urbanized areas
close to rivers, tropical rainforests, and pastures (Wood et al., 2007;
Belo et al, 2011; Ferreira Junior et al., 2017). To our knowledge,
information on parasite prevalence in managed beech forests in
Europe is not yet available. This makes it difficult to assess whether the
parasite prevalence in our study is high due to habitat type or quality,
or whether this is the typical parasite prevalence in managed
temperate forests. Furthermore, we only captured and sampled birds
during the breeding season, which is known for its high parasite
prevalence (Huang et al., 2020) and could also partly explain the high
parasite prevalence we found. The condition of birds, resistance to
certain parasites, migratory patterns, nest type, and height of the
foraging stratum have also been discussed as predictors of parasite
prevalence and diversity; however, these were not assessed in this
study (Hing et al., 2016; Ellis et al., 2017; Ricklefs et al., 2017; Ilgainas
etal.,, 2019; Names et al., 2021; gujanov;i etal., 2021).

Given that parasite prevalence and lineage diversity differ between
bird families and species, we hypothesized that abundant bird species
are simultaneously characterized by both high lineage diversity and
thus a higher parasite prevalence at the same time (Ellis et al., 2017).
In contrast to this hypothesis, we did not find any effect of effective
partners on parasite prevalence in the bird species in our network.
This theory might apply for some species, such as P. major which had
both a high parasite prevalence and high lineage diversity. However,
E. rubecula was our biggest outlier and had a very low parasite
prevalence (13.1%) but at the same time a high lineage diversity and
was the most frequently caught species in our community. Another
study from Hungary reported a similar parasite prevalence in
E. rubecula (14.9%, Agh et al., 2019). However, parasite prevalence
was not always as low as that in our Hungarian study (Agh et al.,
2019). A study from Sardinia found an almost five-fold higher parasite
prevalence in E. rubecula which might be due to the lower latitude of
the study area and thus different vector communities (61.5%,
Pellegrino et al., 2021). Since we did not use microscopy to verify the
infection, some of the infections found in E. rubecula could have been
abortive; thus, the actual lineage diversity might have been lower.

We did not detect an effect of effective partners on parasite
prevalence; in fact, the random effect of bird family explained more
variance than effective partners. The absence of a correlation between
the effective partners and parasite prevalence could be attributed to
several factors. There may be a trade-off in parasites between host
specificity and the ability to achieve high parasite prevalence (Poulin,
1998; Hellgren et al., 2009). Parasite lineages that are highly specific to
a single host species may result in high parasite prevalence, whereas
generalist lineages are capable of infecting several hosts but typically
do not achieve the same level of prevalence as specific lineages (Poulin,
1998). Furthermore, certain host species might be resistant to certain
generalist haemosporidian parasites (Ilgtinas et al., 2019), whereas
other species are less exposed to vectors, show a low parasite
prevalence, and are therefore not well adapted to the parasites, and
thus host a larger range of parasite lineages (Ellis et al., 2017). In
contrast, generalist parasite lineages were capable of achieving higher
levels of prevalence in their host species than in specific lineages
(Hellgren et al., 2009). Even though we could not concretely determine
why a high parasite prevalence does not predict high lineage diversity,
we found that host abundance did not correlate with either of
these factors.
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4.3. The absence of Trichomonas spp.

Although we found a high prevalence of haemosporidian
parasites, Trichomonas spp. was absent in the studied bird community.
However, infections with Trichomonas spp. in Passeriformes are not
very common (Forrester and Foster, 2008) despite local outbreaks of
trichomonosis in Chloris chloris and F. coelebs since 2005 (L.awson
etal, 2011). Climatic factors have been hypothesized to play a role in
the emergence of this disease; however, these were not considered in
this study (Amin et al., 2014). Dry weather and low rainfall are
suggested to promote the transmission of Trichomonas spp., and
infections peak in late summer and early fall (Simpson and Molenaar,
2006; Bunbury et al., 2007; Lawson et al., 2012). The absence of
Trichomonas spp. in our study is thus not very surprising, as the bird
species of the studied community are not known to be frequent hosts,
and we did not take samples in late summer or early spring.

4.4. Conclusion

Our study revealed a high prevalence of haemosporidian
parasites in a forest bird community, as well as differences in the
susceptibility of different avian families and species, which could
potentially be driven by host abundance and habitat choice. The
prevalence of different haemosporidian genera, however, differed
from those reported in other studies from across Europe. This shows
the importance of monitoring host-parasite interactions in different
habitats, both natural and human-dominated. The causes of the
different susceptibilities of bird families and species remain unclear.
As endoparasites are spreading globally in response to climate change
and can significantly influence the behavior, reproduction, and
mortality of their hosts, our findings highlight the need to monitor
host-parasite interactions to better understand interaction dynamics.
The inclusion of vectors and environmental parameters can further
help to identify the drivers of regional differences.
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