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Abstract:

Parasites of the order Haemosporida, including Plasmodium, Haemoproteus, and
Leucocytozoon, are widely distributed among avian populations, with migratory birds serving
as key vectors for their dispersal. This thesis examines the role of bird migration in the
transmission of these parasites and evaluates the potential effects of climate change on this
process. The thesis provides an overview of haemosporidian life cycles, transmission
mechanisms, and the ecological conditions necessary for their persistence. Special emphasis
is placed on how migratory species introduce these parasites to new environments, where they
may pose a threat to immunologically naive avian populations. By analyzing direct and
indirect evidence of transmission during migration, this research identifies key factors
influencing the success of parasite dispersal, including vector availability, host susceptibility,
and environmental conditions. Additionally, it investigates the ways in which climate change
alters migration routes, timing, and vector distributions, potentially reshaping the dynamics of
haemosporidian transmission. The findings aim to contribute to a broader understanding of

the interplay between avian migration, parasite ecology, and global environmental changes.
Abstrakt:

Tato bakalaiska prace se zabyva Sifenim parazit z fddu Haemosporida (Plasmodium,
Haemoproteus a Leucocytozoon) prostfednictvim migrace ptaki a vlivem klimatické zmény
na tento proces. Prace popisuje zivotni cyklus téchto parazitii, zpiisoby jejich pienosu a
ekologické podminky nezbytné pro jejich ispésnou reprodukci. Zvlastni pozornost je
vénovana roli taznych ptaki jako potencialnich prenaseci téchto parazitii do novych oblasti,
kde mohou ohrozit naivni pta¢i populace. Prace analyzuje nejen piimé i nepiimé dikazy o
pfenosu béhem migrace, ale také faktory ovliviiujici tspeSnost §ifeni, jako je dostupnost
vektord, pritomnost hostitelil ¢i enviornmentalni podminky. V zévéru se prace zaméfuje na to,
jak klimatické zmény modifikuji migracéni trasy, ¢asovani tahu a distribuci vektori, ¢imz
potencidlné ovliviiuji dynamiku pienosu hemosporidii. Cilem je poskytnout komplexni

ptehled o vztahu mezi ptaci migraci, Sifenim parazitii a ménicim se klimatem.
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1. Introduction

Haemosporidia is a group of protozoan parasites within the phylum Apicomplexa, order
Haemospororida (Adl et al., 2019). These intracellular parasites have a complex life cycle
requiring both vertebrate hosts and blood-feeding dipteran vectors. Birds, reptiles, and
mammals can serve as hosts, but avian Haemosporidia—primarily from the genera
Plasmodium, Haemoproteus, and Leucocytozoon—have been extensively studied due to their
impact on wild bird populations and their relevance in disease ecology (Valkiiinas, 2005).
Seasonal bird migration can act as a key driver of parasite dispersal. The area of parasite
distribution is linked to dispersal patterns of avian hosts as migratory birds can spread
parasites along their migratory journeys (Musa et al., 2024). This can pose a significant
ecological risk to naive bird populations, as they have never come across such pathogens, it
could even lead to their extinction as we know that in the past, newly introduced pathogens
contributed to extinction of native birds (Atkinson & LaPointe, 2009). Knowledge of parasite
distribution plays an important role in assessing infection risk, as in some cases birds have a
higher risk of infection in areas with increased parasite diversity.

Climate change is influencing bird migration in multiple ways: routes, destinations and
phenology birds travel (Horton et al., 2020; Visser et al., 2009). As a result, migrants might be
flying across new areas and potentially introducing parasites to new locations. Global
warming might facilitate the spread of parasites to new places and exposure of native
populations to those parasites (Short et al., 2017). There is evidence for an increased risk of
malaria in birds and Plasmodium spread to new locations due to climate change (Garamszegi,
2011; Loiseau et al., 2012). Sites of high prevalence and diversity are predicted to change due
to global warming, which would have an impact on bird communities as those shifts would
cause native populations to encounter new parasite lineages (Pérez-Rodriguez et al., 2014).
The focus of this thesis will be on Haemosporidia, protists which include three genera of
avian blood parasites: Plasmodium, Leucocytozoon and Haemoproteus. Haemosporidia are
the best studied group of avian blood parasites and are also one of the most prevalent (de
Angeli Dutra et al., 2021).

The thesis focuses on the possibilities of parasite transmission during avian migration.
The main aims are to investigate the potential of migratory birds in introducing parasites into
new regions, alongside an analysis of Haemosporidian transmission patterns and their
influencing factors, linked to the role of climate change in shaping Haemosporidian dispersal.

Those topics combined are crucial for predicting future parasite distribution and assessing the
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impact on naive avian populations. Most importantly, I aim to evaluate whether significant
Haemosporidian transmission occurs during migration, and if it leads to introduction into

novel areas.

2. Haemosporidia

Haemosporidia are widespread, occurring in nearly all habitats except Antarctica (Quillfeldt et
al., 2010). Their transmission dynamics depend on vector availability and presumably on
climatic conditions, and bird migration, making them particularly relevant for ecological and
epidemiological research (Atkinson et al., 2008; Ciloglu et al., 2020). While avian
Haemosporidian infections are sometimes collectively referred to as 'avian malaria,' this term

technically applies only to Plasmodium species.
2.1. Life Cycle and Transmission

Haemosporidian parasites exhibit a heteroxenous life cycle, alternating between two hosts.
Birds serve as intermediate hosts, where asexual reproduction occurs, while the final hosts are
blood-sucking Diptera, in which sexual reproduction and sporogony take place (Valkitinas,

2005).
2.1.1. Development in the Avian Host

Transmission begins when an infected vector injects sporozoites into the bloodstream of a
bird while feeding. These sporozoites invade tissues, typically targeting the liver, spleen, or
other organs, where they multiply through exoerythrocytic merogony (also called
schizogony), forming meronts (or schizonts). Merozoites emerge from these meronts via
multiple asexual divisions and enter red blood cells, where they undergo further replication.
This cycle of merogony may repeat multiple times. Unlike Haemoproteus and Leucocytozoon,
Plasmodium undergoes two stages of merogony with the second one happening in red blood
cell (Valkitinas, 2005). Some merozoites differentiate into gametocytes, the sexual stages of
the parasite, which circulate in the blood until ingested by a feeding vector. The severity of
infection varies depending on parasite species, host immunity, and environmental factors

(Atkinson et al., 2008).
2.1.2. Development in the Vector

Once a vector feeds on an infected bird, it ingests gametocytes, which undergo gametogenesis
in its midgut. Gametogenesis is triggered by changes in oxygen and carbon dioxide

concentrations upon transition from host to vector. Gametes fuse to form a zygote, which
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develops into a motile extracellular ookinete. The ookinete crosses the midgut wall and forms
an oocyst, where sporozoites are produced by sporogony (Sullivan, 2007). These sporozoites
eventually migrate to the salivary glands, from which they are transmitted to another bird

during the vector's next blood meal, completing the cycle (Valkitinas, 2005).
2.2 Leucocytozoon

Leucocytozoon species are widespread avian parasites (Garnham, 1966), primarily transmitted
by blackflies (Simuliidae, genus Simulium), although some species may use biting midges
(Culicoides) as vectors (Santiago-Alarcon et al., 2012).

The most known Leucocytozoon species affecting wild birds mainly include L. simondi and
the L. toddi group, later divided into L. mathisi, L. buteonis, and L. toddi (Valkitnas et al.,
2010) and in passerines the common ones are L. fringillinarum, and L. dubreuili (Gutiérrez-
Liberato et al.,2025). Transmission depends on temperature, rainfall, and humidity, with
running water being crucial for vector development. Passerines host the highest number of
Leucocytozoon species. Following infection, gametocytes circulate in the blood, eventually
forming megalomeronts in organs such as the liver, brain, spleen, and lymph nodes, which
rupture to release merozoites (Chagas et al., 2023). Pathogenicity varies, with some species
causing severe disease in non-adapted hosts (Santiago-Alarcon et al., 2020). Leucocytozoon
prevalence can reach 100% in certain duck and raptor species (Mahrt et al., 1991; Valkitinas,
2005). Interestingly, unlike other Haemosporidia, Leucocytozoon prevalence increases at

higher latitudes (Fecchio et al., 2023).
2.3 Plasmodium

Currently, according to the most recent global assessment of avian Plasmodium species there
are 55 species recognized (Valkitinas & Iezhova, 2018), with P. relictum being among the
most prevalent and widespread (Valkitinas et al., 2018).

Avian Plasmodium species are transmitted by mosquitoes (Culicidae), including
genera such as Culex, Coquillettidia, Aedes, Mansonia, Culiseta, Anopheles, and Psorophora
(Atkinson & LaPointe, 2009; Valkiiinas & Iezhova, 2018). While mammalian Plasmodium
species are mainly transmitted by Anopheles (Garnham, 1966), notable avian vectors include
Culex quinquefasciatus, C. tarsalis, and C. stigmatosoma (Atkinson & LaPointe, 2009;
Loiseau et al., 2012). Plasmodium exhibits low host specificity regarding vectors, and certain
lineages complete their life cycle in multiple mosquito species (LaPointe et al., 2012). The

latest study from 2020 states that avian Plasmodium can develop in 40 mosquito species
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(Gutiérrez-Lopez et al., 2020) In experimental conditions, avian Plasmodium can develop in
over 60 mosquito species (Gutiérrez-Lopez et al., 2020).

The genus Plasmodium includes over 250 species, with several adapted specifically to
avian hosts (“List of Plasmodium Species,” 2024). The genus Plasmodium has a global
distribution except for polar regions, but prevalence in vectors has not been sufficiently
studied. Prevalence varies depending on temperature, season, and bird migratory behavior

(Loiseau et al., 2012; Valkitinas, 2005; Ciloglu et al., 2020).
2.4 Haemoproteus

The genus Haemoproteus belongs to the family Haemoproteidae and comprises two
subgenera, Parahaemoproteus and Haemoproteus (Valkiiinas, 2005). The known host range
includes 72 bird families with the highest occurrence in passerines, while in seabirds and
shorebirds the abundance is significantly lower due to their limited exposure to the vectors.
Certain Haemoproteus species are highly pathogenic, and infection in avian host can cause
myositis (Atkinson, 2008).

These parasites undergo merogony within tissues (Atkinson et al., 2008) and are often
considered less pathogenic than Plasmodium species (Santiago-Alarcon & Marzal, 2020).
Subegenus Parahaemoproteus species are transmitted by biting midges (Ceratopogonidae,
genus Culicoides) and subgenus Haemoproteus is transmitted by louse flies (Hippoboscidae)
(Santiago-Alarcon et al., 2012). Vector competence is influenced by climatic conditions,
geographic region, and vector population size. In tropical and subtropical regions,
transmission is possible year-round (Atkinson et al., 2008; Klei & DeGiusti, 1975).

Host specificity varies among Haemoproteus species, with some infecting a broad
range of birds while others are highly specialized (Valkiiinas, 2005). In South Africa,
Haemoproteus prevalence reaches 22% among sampled birds, significantly higher than that of
Plasmodium which was 3 % (Doussang et al., 2019). This higher prevalence may be linked to
efficient vector transmission and broader host compatibility (Fecchio et al., 2023). Molecular
studies reveal extensive genetic variation within the genus (Doussang et al., 2019). Certain
species, such as H. columbae, exhibit strict host specificity due to their dependence on

particular vectors (LaPointe et al., 2012).
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3. Bird migration

Migration as a form of adaptation is very common and comes in different forms; however, in
my work I will focus only on seasonal long-distance migration as a life history trait. Bird
migration is a regular seasonal movement and relocation from the breeding grounds, where
birds raise their young, to wintering grounds, where they do not reproduce but survive the
winter period (Bird migration, 2025). It is an evolutionary adaptation to changing conditions
in both areas throughout the year. For migratory birds, it is more advantageous to travel vast
distances than to remain in the same place all year round. During their journey, they are
capable of flying hundreds of kilometers before stopping for a few days' rest. The main
factors influencing bird migration include seasonal changes, which are associated with

varying availability of resources that birds can utilize (Berthold, 2001).

3.1. Avian flyways

L
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The global 4 flyways of migratory birds (Birdlife International, 2023)

Migratory flyways are paths of bird migration, primarily determined by geographical
conditions between the breeding and wintering grounds. Migration routes are shared or
similar among species living in the same regions. Species inhabiting the same area (e.g.,

Western Europe) tend to follow common or similar migration routes (Berthold, 2001). Birds



of the Northern Hemisphere do have longer migration routes than those of the Southern

Hemisphere (Gill, 2007).

There are four global flyways for migratory birds (Birdlife International)

- African-Eurasian flyway: contains of three major routes connecting Arctic to Southern

Africa. It is used by more than 500 migratory bird species.

- Central Asian flyway: spreads from Siberia to the tropics in Indian ocean. It is used by

more than 600 migratory birds.

- East Asian-Australasian flyway: spreads from Alaska through Southeast Asia to

Australia and covers over 600 bird migrants.

- Americas flyway: is stretching from Arctic Circle in the North to Southern Argentina
and is used by over 2000 bird species which makes it the most species rich flyway out of all

four.

The main geographical features shaping the Afro-Eurasian migration route include the Sahara

Desert and the Mediterranean Sea and as mentioned above it is divided into three main paths:
- Western route — passing through Western Europe via Spain and Gibraltar to West Africa.

- Central route — crossing Central Europe via Italy, Sicily, then Libya and the Sahara to

Central Africa.

- Eastern route — through Eastern Europe, across the Balkans, Turkey, the Middle East,
and along the Nile to East Africa

Flyways in America consist of three main routes:

- Pacific Flyway: This migration route extends from Alaska to Patagonia along the
Pacific coast of the Americas. It is crucial for many North and South American bird species

and features several important stopover sites along the way

- Central Flyway: Primarily used by birds migrating from Canada to the Gulf of Mexico,

though some species follow this route all the way from Arctic regions to Patagonia.

- Mississippi Flyway: Extends from central Canada, through the Great Lakes, following

the Mississippi and Missouri Rivers down to the Gulf of Mexico.
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3.2. Stopover sites

Stopover sites are critical locations along migratory flyways where birds pause to rest, feed,
and recover from the physical toll of migration. These sites are essential for the survival of
migratory species, providing resources like food and water that are necessary for energy
replenishment (Berthold, 2001). Typical stopover sites include islands, which provide crucial
resting and feeding spots during sea crossings where no other resources are available. These
sites are essential for the survival of migratory birds, and any disruption to them can
significantly reduce migration success rates. Stopover sites play an important role in large
bird gatherings and as places where huge concentration of birds from different places meet.
Example of those in Europe: Curonian Spit, Gibraltar or Bosporus (Busse, 2001). Stopover
sites also serve as a place for contact of migratory and residence birds where transmission of
parasites might happen. Therefore, stopover sites serve as potential place of Haemosporidia
spread through migratory birds onto naive populations of resident birds or the other way

around.

Important stopover sites and bottlenecks:

The Nearctic — Neotropical flyway:
- Gap between Sierra Madre Oriental and the Gulf of Mexico in Veracruz
- Cordillera de Talamanca and Caribbean Sea in Costa Rica

Western Panama and the Isthmus of Panama

Darién of Panama and Columbia

African — Eurasian flyway:
- Eilat, Israel
- Spanish coast
- Curonian Spit

3.3. Wintering sites

Wintering sites are areas where birds typically spend the winter period, when their breeding
grounds have significantly reduced resource availability and harsh conditions (Ricklefs et al.,
2017; Soares et al., 2020). These sites are in warmer climatic zones. Some European birds

spend the winter in Mediterranean regions, while others cross the Mediterranean, traverse the

7



Sahara, and winter in Africa. Most European species use these locations, but some species fly

east to India.

In the Americas, birds from northern regions migrate to areas in the Gulf of Mexico,
Central America, South America, and as far as Patagonia (Garvin et al., 2006). Some birds

from Alaska take migratory routes across the Pacific to Australia and New Zealand.
3.4. Partial migration

Partial migration is the most common form of migration where part of the bird population
stays on breeding grounds while the other migrate to wintering grounds (Berthold, 2001). This
form of migratory behaviour can be divided into obligatory and facultative, depending on if
the ratio of migrants versus resident birds of one species is either constant (certain age or sex
cohort ratio) or it’s changing according to environmental condition. An example of such
facultative migrants could be the European Robin (Erithacus rubecula) (Newton, 2007).
Numbers of resident individuals of partially migratory species are expected to increase due to

climate warming (Berthold, 2001).

4. Transmission of Haemosporidia during bird migration

4.1. Indirect evidence of transmission

Transmission of Haemosporidia and the spread on to new locations is hard to prove on its
own. The methodology of accessing is based on comparing Haemosporidian diversity and
prevalence. Further it is important to distinguish if a certain lineage was newly introduced to
the area and to differentiate between actual transmission places and places of occurrence. To
do that it is compared if the lineage was found on that location in adults or juveniles and in
migrants or residents. Finding the lineage in juveniles or residents is considered evidence that
the lineage is transmitted on that location (Musa et al., 2024). A specific example of using
such a methodology is demonstrated in the next paragraph. The potential of Haemosporidia
spread by migratory birds to novel places is measured by the number of shared lineages
between migratory and resident birds as those shared between the two groups have greater
geographical range (de Angeli Dutra et al., 2021b). Identifying specific examples of
Haemosporidian transmission to novel places is very complicated as the success of
transmission depends on various factors and must be measured in multiple ways. The factors

and requirements for successful transmission are addressed in the following chapter.



In a study focusing on Haemosporidia in four snipe species (Gallinago spp.) during
their spring or fall migration in Japan, 18% of tested birds were infected with Haemosporidia
but there were significant differences between the species which are presumably caused by
ecological factors including different migratory routes. In total seven Haemosporidian
lineages were detected and six of them were found in juveniles which means the infection was
gained between breeding grounds and the sampling site at migration route as the snipes were
caught and tested during their autumn migration and have not been to wintering grounds yet.
The seventh lineage found in adult birds is transmitted only in the northernmost areas of
Japan meaning it could have been transmitted on to the tested birds only in northernmost
areas of Japan or continental areas from Russia to Mongolia and the testing location was only
a site of occurrence, not transmission as there is no suitable vector present at the location
(Inumaru et al., 2021).

The methodology outlined above was applied in study based on comparing the
distribution of parasite lineages shared between migratory and resident birds with those found
only in residents. The greater spread of lineages associated with migratory birds led the
authors to hypothesize that migration may facilitate parasite transmission (de Angeli Dutra et
al., 2021b). This suggests that migrants can carry and transmit Haemosporidian parasites
across wider areas as those lineages which infect both migratory and resident birds are more

widespread than those infecting just residents (de Angeli Dutra et al., 2021b).
4.2. Conditions and factors influencing transmission

Migratory birds might potentially transmit Haemosporidia to novel places, however the
conditions on the new location must be suitable for the parasite to be able to establish and
reproduce. The basic conditions for Haemosporidia to complete their life cycle are a suitable
vector transmitting the disease and susceptible bird host. The presence of suitable hosts and
vectors is largely influenced by parasite specificity as generalists are more likely to succeed at
establishing themselves in novel host communities (Ishtiaq & Renner, 2020). For example,
Galen et al. (2024) discovered that there is only a limited potential for transmission between
migratory and resident birds on stopover sites as there is not a suitable vector overlap.

Year round transmission by migratory birds is conditioned by the presence of gametocytes in
their blood (Soares et al., 2020) and the occurrence of suitable vectors which can feed on
birds and transmit sporozoites to another avian host (Valkiunas, 2005). Therefore,
transmission largely depends on suitable environmental conditions which allow the vectors to

survive.
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Another important requirement of successful transmission is timing as certain lineages
are transmitted only seasonally, during breeding season, and therefore migrants most probably
will not carry gametocytes during winter and are not infectious. Transmissions on wintering
sites are only feasible for those lineages which do produce gametocyte during winter months
(Hellgren et al., 2013; Soares et al., 2020). The possibility of Haemosporidian transmission
during migration is limited by seasonal transmission strategies which can strongly influence
the chances that Haemosporidian parasites are going to be transported to new places (Hellgren
et al., 2013).

Prevalence and diversity of Haemosporidia is essential factor influencing successful
transmission as some birds are at higher risk of infection in areas with increased parasite
prevalence and diversity (Pulgarin-R et al., 2019). Age plays a role in Haemosporidian
prevalence with approximately double prevalence in adult birds than in juveniles. The
differences vary among Haemosporidian genera (Musa et al., 2024). Host specificity is
another important factor as Haemosporidian lineages are more host specific in locally
breeding species than in actively migrating species (Jones et al., 2024).

Haemosporidia which cause milder infection have higher chance of being transmitted
for longer distances as they do not affect their hosts ability to fly long distances that much
(Santiago-Alarcon & Marzal, 2020). Emmenegger et al. (2018) found that passerines infected
with Haemosporidian parasites arrive later at their first main stopover site in the
Mediterranean during spring migration, suggesting that infection causes migratory delays.
The transmission probably happened before the onset of the migration as they were tested at
their first main stopover site and therefore did not have many opportunities to get infected
prior to that. This temporal separation—migratory allochrony—may reduce transmission by
limiting contact between infected and uninfected birds at key stopover sites and therefore

influence transmission dynamics.
4.3 Transmission sites

Transmission of most species of avian Haemosporidia most likely occurs on breeding grounds
(Hellgren et al., 2007) but can possibly happen on wintering grounds (Dodge et al., 2013,
Hasselquist 2007) and during migratory journey on stopover sites (Ciloglu et al., 2020). As
many other migratory animals, migrating passerines represent a spillover source for naive bird
populations if environmental conditions for successful parasite reproduction including

susceptible vectors are met (Jones et al., 2024).
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The potential role of migratory birds in Haemosporidian dispersal was investigated in
a study conducted on breeding and migrating shorebirds between April and June — a period
when some species breed at the sampling site while others use it only as a stopover during
migration. The results indicated that Haemosporidian prevalence was lower in actively
migrating birds compared to breeding individuals (Jones et al., 2024). Based on these
findings, the authors hypothesized that migratory birds have only a limited potential to act as
a source of parasite spillover relative to breeding birds.

Galen et al. (2024) support previous findings and state that stopover sites have limited
potential for Haemosporidian transmission between migratory and resident birds, as both
groups share a core set of parasite lineages. Although five lineages in the study were
transmitted from migrants to residents in the USA, these were already widespread and
unlikely to alter local communities. Still, the authors say, migratory birds may introduce these
lineages to new regions which have not been tested.

Musa et al. (2024) identified in the Palearctic three transmission areas: breeding
grounds in Europe, wintering grounds in Africa and for certain lineages in both breeding and
wintering grounds. The study suggest that Europe is transmission area for Haemoproteus
lineages (hARW2 and hSW3) a Leucocytozoon lineage (TUPHI13) with those lineages being
specialist which are likely transmitted only during breeding season. Plasmodium
(pCUCROCO1) and Leucocytozoon (IANLAT10) lineages are based on the study findings
only transmitted in Africa and were detected in adult migratory birds in Europe. Plasmodium
(pSGS1 and pGRW 11), Haemoproteus (hRW1) and Leucocytozoon (1ISFC8) lineages are
likely transmitted both in Europe and Africa and are generalists which is making it easier for

them to spread (Musa et al., 2024).

5. Influence of climate change on migration

5.1. Changes in migratory routes

Due to climate change, many bird species are shortening their migratory journeys (Visser et
al., 2009). Bird species are consequently visiting different wintering sites, exposing
themselves to potentially new Haemosporidian lineages. In North America, short distance bird
migrants 1 predominantly shifted winter ranges northward, while breeding range shifts were

more variable (Curley et al., 2020). Importantly, the magnitude and direction of these seasonal
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shifts differed, leading to changes in migration distances for many species, with a general
trend towards shorter migrations. The findings suggest that winter and breeding range shifts

occur somewhat independently, likely influenced by different environmental pressures.

5.2. Changes in phenology

Climate change influences the phenology of bird migration as significant shifts in migration
timing in the past 24 years have been recorded. Those shifts cause trophic mismatches
between migrating birds and food resources availability (Horton et al., 2020). This mismatch
could not only include food availability but vector and Haemosporidian season as well,
possibly impacting the transmission dynamics.

Migratory birds are arriving earlier to their breeding grounds and are prolonging the
period spent on breeding grounds. There is a relationship between migration distance and
arrival dates, as birds with shorter routes arrive at breeding grounds with bigger date
advancement (Kolecek et al., 2020). Differences in timing of arrival might influence the

spread of Haemosporidia.

6. The impact of climate change on Haemosporidia spread

6.1 The potential risks and importance of predictions

Global warming might cause the spread of parasites to new places and exposure of naive
populations to those parasites (Short et al., 2017). Migration seems to lower the prevalence of
Haemoproteus in Brazilian migratory birds in comparison with resident ones. The authors
suggest that migrants have a lower chance of being exposed to local parasite communities and
therefore have limited infection risk (Rodrigues et al., 2021). The prevalence of Plasmodium
in the same study seems to be independent of migration; however, it is positively influenced
by higher temperature (Rodrigues et al., 2021). Other study suggests for different genera there
might be opposite patterns, as migrants are exposed on their migratory journey to higher
diversity of Leucocytozoon infections than on both breeding and wintering grounds (Fecchio
et al., 2023). Those findings are important for the future understanding of bird migration
potential in Haemosporidian spread. Haemoproteus and Leucocytozoon lineages are expected
to suffer from loss of areas with high diversity as their ranges are supposed to shift to the

areas with higher elevation, and conversely, Plasmodium lineages are expected to undergo

12


https://www.zotero.org/google-docs/?qAWtZz
https://www.zotero.org/google-docs/?i933Qg
https://www.zotero.org/google-docs/?broken=qzl8q6

gain of high diversity spots which can be explained by expected changes in climate conditions
(Pérez-Rodriguez et al., 2014).

In a study conducted by Musa et al. (2024) the scientists detected multiple
haemosporidian lineages on location where they are not transmitted. An example is earlier
mentioned Leucocytozoon (IANLAT10) which is transmitted in Africa; however, it was
detected in adult migratory birds in Europe as well. The transmission doesn’t occur in Europe
probably because of lack of competent vectors (Musa et al., 2024). Changing climate might
lead to more suitable conditions for specific vectors and then the parasite can be passed on
from migratory birds.

Plasmodium relictum lineage SGS1 is highly invasive species of plasmodium found in
resident birds in Europe as well as in the tropics (Azelyté et al., 2022). Recently it has been
found in two resident bird species in North America and is most likely originating in Europe
as genetic tests have proven (Theodosopoulos et al., 2021). Authors do hypothesize that the
possible explanation of this range expansion is due to infection spillover from the captive
birds in zoos. It is likely that further spread is possible to the North America was found in just
two chickadee species it is likely to spread onto another bird species (Theodosopoulos et al.,
2021).

Possible scenarios of transmission to naive populations are therefore dependent on
many variables, and it is important to study the current situation in each of the
Haemosporidian genera, together with monitoring specific examples and factors influencing
it, to be able to predict future development of Haemosporidia spread and access the risks for
prevention or management.

6.2 Mechanisms of influence of climate change on haemosporidia spread

Climate change alters host parasite relationships, creates new opportunities for disease spread
and a more suitable environment for the development of vectors and can increase their range
(Caminade et al., 2019). Temperature plays an essential role in Haemosporidian distribution
as it influences parasite development and vector distribution (Chapa-Vargas et al., 2020). Rise
of temperature has a direct impact on avian Plasmodium development as its incubation period
speed rises with higher temperature and is conditioned by minimum temperature of the
environment and the development stops if temperature drops below 13 °C (Lapointe et al.,
2009). Global warming consequently leads to prolonging the reproductive window of those
pathogens and there is a strong correlation between the increase of global temperatures and

increase of Plasmodium prevalence over the years (Garamszegi, 2011). Rodrigues et al.
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(2021) showed that rising environmental temperatures drive higher Plasmodium prevalence in
birds, suggesting that warming climates intensify parasite transmission along migratory
routes. Perrin et al. (2025) further revealed that migratory birds function as crucial connectors
in global host—parasite networks, dispersing a rich diversity of haemosporidian parasites
across major flyways and linking disparate biogeographic realms. However, Garamszegi
(2011) also points out that environmental changes can have in some cases negative effect on
Haemosporidian distribution as they lower their survival rate due to increased drought and
therefore limit the potential of transmission. In general climate change is shifting vector borne
parasites such as Haemosporidia further north in the northern hemisphere (Caminade et al.,
2019). Together with the insights from Caminade et al. (2019), these studies underscore that
climate change not only boosts vector capacity and parasite replication but also interacts with

migratory behavior to reshape transmission patterns at both local and global scales.
6.3 Spread of haemosporidia under changing climatic conditions

Hawaii is one of the notorious examples of Haemosporidian distribution into new areas and
its serious consequences on naive bird populations. In the case of Hawaii, the epidemic started
due to the introduction of a vector which transmits avian malaria to the area (Benning et al.,
2002; Derraik et al., 2008, Dulavova, 2023, van Riper.,1986).

The impact of climate change on the distribution of Haemosporidia has been tested on
Plasmodium in Alaska. Resident birds including yearlings in the North American Arctic were
tested positive for Plasmodium, which proves on-site transmission. This is the first time that
avian Plasmodium transmission has been recorded in the North American Arctic with the
most northern occurrence of 64°N. Those findings are important for future predictions of
Haemosporidian transmission under the conditions of changing climate (Loiseau et al.,
2012). Another evidence for spread above the polar circle are high prevalence levels (76%) of
Haemosporidia found in passerine birds in northwestern Siberia which is higher than any
results from other northern regions (Yusupova et al., 2023). However, there is no evidence of

prevalence in previous periods from the same location.

7. Conclusion

This thesis explored the relationship between bird migration, the transmission of
haemosporidian parasites, and the influence of climate change on these dynamics.
Haemosporidia—particularly Plasmodium, Haemoproteus, and Leucocytozoon—rely on

complex life cycles involving both avian hosts and insect vectors, with successful
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transmission requiring a convergence of biological, ecological, and environmental conditions.
Migratory birds, by traversing vast and ecologically diverse regions, play a pivotal role in
connecting parasite populations across continents. However, the actual transmission of
haemosporidia along migratory routes remains difficult to confirm directly, due to numerous
interacting factors such as parasite diversity, vector availability, timing of reproduction, and
ecological barriers. While some evidence suggests that migratory journeys increase exposure
to parasites, other findings highlight the constraints that limit effective spread.

Climate change introduces an additional layer of complexity. By altering migration
phenology, shifting routes, and modifying the distribution and development rates of vectors, it
has the potential to reshape transmission dynamics. Warmer temperatures, for instance, may
accelerate parasite replication within vectors, increasing infection rates in avian hosts. Yet,
these effects are not uniform—some regions may become more suitable for transmission,
while others may become less hospitable.

To conclude, climate change is a popular mainstream topic that many studies mention
but there is no robust evidence on the combined influence of bird migration and climate
change on haemosporidia spread and the impacts on naive bird populations remain
insufficient. Nevertheless, the potential ecological consequences, especially for naive or
endangered bird populations, underscore the urgency for continued investigation. A more
integrated and longitudinal research approach is needed to clarify these complex interactions

and better predict how global change will shape host—parasite networks in the future.
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