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Abstract

Host—parasite interactions include effects on both proximate and ultimate levels: parasite infections affect individual’s fitness
and play a significant role in shaping the life history of host species. Global environmental changes as well as significant shifts
in abiotic factors might impact the dynamics of parasite—host interactions, especially in Arctic regions, where the climate
is changing at an alarming rate. With global warming, parasites and their vectors are predicted to spread to polar latitudes,
and it is crucial to follow the changes occurring in the ecosystems in the era of global changes. We studied blood parasites
(Haemosporidae) of passerine birds (Passeriformes: Aves) in southwest Yamal (north-western Siberia) using genetic and
morphological methods. We found an overall parasite prevalence of 76.3%, with highest values for Leucocytozoon (72.0%)
and lower values for Parahaemoproteus and Plasmodium (8.9 and 8.2%, respectively). We determined 26 genetic lineages
in total, five of them were novel. The most common parasite lineages were TRPIP2 (18%), BT1 (14%), novel ACAFLAO6
(13%), BT2 (7%), novel ACAFLAO7 (6%), BT4 (5%) for Leucocytozoon; SISKIN1 (4%) for Parahaemoproteus; TURDUS1
(4%) for Plasmodium. For redpoll (Acanthis flammea), brambling (Fringilla montifringilla), bluethroat (Luscinia svecica)
and little bunting (Emberiza pusilla) overall prevalence exceeded 90%. We also found significant differences in prevalence
and lineage composition between sample sites, species and sexes, and a positive correlation between number of infections
and host body mass. Our study provides knowledge about haemosporidian infections in the region, which had been barely
studied for blood parasites. Gathered information is essential for the future monitoring and assessing potential shifts due to
global change.
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Introduction (Loiseau et al. 2012; Caminade et al. 2019). Any predic-

tions of effects are controversial, but it is crucial to follow

Global climate change and ensuing habitat alterations are
expected to have a major influence on infectious disease
dynamics. Such effects may include encountering novel
hosts and/or vectors by parasites as well as occupation of
biotopes inaccessible earlier (e.g. higher altitudes) and sub-
sequent broadening of parasite geographical distribution
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the changes occurring in the ecosystem in the era of global
changes.

Haemosporidia (Apicomplexa) is a group of parasitic
organisms with a complex evolutionary history influ-
enced by multiple transitions in life-history strategies and
hosts (Galen et al. 2018a). Avian malaria parasites of the
genus Plasmodium and the subgenera of Haemoproteus,
H. (Haemoproteus) and H. (Parahaemoproteus) as well as
other haemosporidian parasites (Leucocytozoon) infect a
broad variety of avian host species and cause malaria-like
conditions in birds (Valkitinas 2005; Rivero and Gandon
2018; Fecchio et al. 2021), however, data on haemosporidian
pathogenicity and influence on hosts remain contradictory
(e.g. van Riper et al. 1986; Bensch et al. 2007). Those para-
sites display complex life cycles with sexual stages of repro-
duction proceeding in blood-feeding insects and asexual
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ones taking place in the vertebrate hosts (Santiago-Alarcon
et al. 2012). Each genus of parasites is transmitted mainly by
one group of dipterans. Thus, Plasmodium is transmitted by
mosquitoes (Culicidae), Haemoproteus by hippoboscid flies
(Hippoboscidae), Parahaemoproteus by biting midges (Culi-
coides, Ceratopogonidae) and Leucocytozoon by black flies
(Simuliidae) (Fecchio et al. 2020). Currently, the species
diversity of Haemosporidia in birds seems to be as high as
avian diversity, and each species contains numerous genetic
lineages that may represent distinct evolutionary entities
(Bensch et al. 2004).

Such vector-borne parasites with complex life cycles as
haemosporidians require specific environmental and biologi-
cal conditions to develop successfully and face many con-
straints shaping their geographical distribution (Valkitnas
2005). Their abundance is shaped not only by the limita-
tions for their own life cycles, but also by factors influencing
their host and vector distributions. Moreover, prevalence and
infection rates may also vary between sexes or host ages
within one host species (Hasselquist 2007; Lachish et al.
2011).

One of the most important abiotic factors directly and
indirectly affecting the abundance of parasites is tempera-
ture. Thermal constraints exist for several stages in the life
cycles of haemosporidian parasites and their vectors, such
as the parasite development in the mosquito, the larval abun-
dance and vector development itself (Paaijmans et al. 2010;
Gardner et al. 2012). Temperature limits and trade-offs exist
during the life cycle stage in the avian host as well (Andreas-
son et al. 2020).

In Arctic regions, temperatures are increasing signifi-
cantly and ecosystems are changing rapidly (MacDonald
2010; Huang et al. 2017). Due to climate change, plenty of
diseases considered as “tropical” or “temperate” may spread
to the higher latitudes and altitudes inaccessible earlier; cer-
tainly, avian malaria is not an exception (Garamszegi 2011;
Rocklov and Dubrow 2020).

Birds, as the organisms conducting long-distance migra-
tions, are one of the few groups of vertebrates that may facili-
tate the expansion of haemosporidian parasites into arduous
places including high altitudes or high latitudes. However, ear-
lier studies conducted in the high arctic tundra of North Amer-
ica failed to find avian blood parasites, which was explained
by the absence of vectors (Bennett et al. 1992). Nevertheless,
more recent studies show the abundance of haemosporidians
in Passeriformes captured in Arctic biotopes (MalAvi data-
base; e.g. Krams et al. 2010; Marzal et al. 2011; Loiseau et al.
2012; Oakgrove et al. 2014 and others) and even demonstrate
first evidences of avian Plasmodium transmission in northern
latitudes. These confirmations of transmission include obser-
vations of resident avian species infected by malaria parasites
in Norway (69.4°N, 30°E; Marzal et al. 2011) and Finland
(66°N, 29°E; Krams et al. 2010) as well as resident species
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and juvenile birds in Alaska (61-64°N, 147-150°W; Loiseau
etal. 2012).

Knowledge about parasite distributions in the Russian
Arctic and north-western Siberia in particular is scarce and
sparse (see, for instance, Clark et al. 2014). In 1984-1988,
Leucocytozoon simondi was found in blood smears from ducks
(Anatidae) abundant in several geographically distant plots,
but no Haemoproteus or Plasmodium were found at the Arctic
latitudes (66—68°N, 65-171°E; including one sampling site on
the Yamal peninsula; Valkitinas et al. 1990). A recent study
revealed Plasmodium and Leucocytozoon in adult bluethroats
Luscinia svecica on Kola Peninsula (68°N, 34°E; Svoboda
et al. 2015).

The Yamal peninsula is a region of the north-western Sibe-
ria which extends roughly 700 km from Polar Ural Mountains
to Kara Sea and contains all the biogeographical zones from
forest—tundra and woodland habitats to shrub and Arctic tun-
dra (Ryabitsev 2001). The region itself is currently experi-
encing significant environmental and anthropogenic pressure
including general temperature raising, permafrost melting,
as well as rapid development of the oil and gas industry and
growth of reindeer herds, which may lead to environmental
changes and significant impacts on the ecosystems in general
and bird populations in particular (Sokolov et al. 2012). Yamal
tundra is a breeding area for many avian species as well as for
potential vectors—blood-sucking dipterans, especially black
flies, reaching population densities of up to million larvae per
m? under favourable conditions (Currie and Adler 2008). Most
Arctic birds leave their breeding sites and migrate to southern
wintering quarters which may be located thousands of kilo-
metres away (Ryabitsev 2001), which, as discussed earlier,
increases the chance to be infected by parasites from a differ-
ent geographical region.

The precise northern boundaries of haemosporidian dis-
tribution as well as ecological constraints shaping this fron-
tier are unknown. However, with all the existing premises
and impacts as well as under the set of additional favourable
conditions the new foci of disease might appear in Arctic
latitudes. Therefore, it is essential to gather knowledge about
the present parasite distribution as well as their host range
and lineage diversity. The general aim of this pilot study
was to explore the prevalence and distribution patterns of
Haemosporidae (genera Plasmodium, Haemoproteus and
Leucocytozoon) in avian hosts occurring in the Yamal tun-
dra, as well as assess potential differences between sexes
and a relation between number of infections and body mass.

Materials and methods

The sample collection was conducted during fieldwork at
two locations roughly 210 km distant from each other in the
southwest part of Yamal peninsula in June and July 2021.
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Fig.1 The Yamal peninsula and passerine birds sampling locations:
Erkuta and Labytnangi. Satellite images (source: google maps) dis-
playing the sampling plots and their surroundings are given in black
rectangle. Sampling sites in Erkuta region (68°13'N, 69°09'E): yel-
low—in the vicinity of the camp, green—by the turn of the river,

We had several sites of sampling (Fig. 1): lowland shrub
tundra with willow thickets plots located in 2 km range to
the Erkutayakha (Erkuta) river (68°13'N, 69°09'E), as well
as heterogeneous woodland habitats in town Labytnangi
(66°39'N, 66°24'E) and village Oktyabrsky (66°41'N,
66°34'E)—geographically located in a transition zone
in between northern taiga and forest—tundra. Henceforth,
Labytnangi refers to both town Labytnangi and village
Oktyabrsky, unless otherwise explicitly explained.

In total, we caught and blood sampled 141 individuals
from 15 avian species (redpoll Acanthis flammea, bluethroat
Luscinia svecica, willow warbler Phylloscopus trochilus, lit-
tle bunting Emberiza pusilla, chiffchaff Phylloscopus col-
lybita, brambling Fringilla montifringilla, Arctic warbler
Phylloscopus borealis, redstart Phoenicurus phoenicurus,
redwing Turdus iliacus, sedge warbler Acrocephalus schoe-
nobaenus, reed bunting Schoeniclus schoeniclus, meadow
pipit Anthus pratensis, Siberian accentor Prunella mon-
tanella, common rosefinch Carpodacus erythrinus, red-
flanked bluetail Tarsiger cyanurus; see Online Resource
1; all the taxonomic positions are given in the text as
stated in MalAvi database). All the birds were captured by

grey—in the vicinity of the Henado cliff, blue—beside the Merzy-
ampertyata lake, orange—beside the “trousers-like” lake. Sampling
sites in Labytnangi: in the town (66°39'N, 66°24'E) and near the vil-
lage® (66°41'N, 66°34'E)

mist-netting and blood sampled by brachial venepuncture
(using a heparinised capillary tube after puncturing the bra-
chial vein with a sterile syringe needle); captures were car-
ried out in accordance with the local legislation. All the indi-
viduals were ringed and weighed, and their age and sex (for
species with detectable sexual dimorphism) were recorded.

Blood was stored on Whatman FTA classic cards (What-
man®, UK) for genetic analyses and on blood smears (two
per individual) for microscopic examination. In most cases
we collected enough blood (less than 50 pl) for both methods
(n=133), but for some individuals we obtained FTA (n=2)
or smears (n=6) only.

Microscopic examination

The blood smears were fixed in 100% methanol for 1 min
or 100% ethanol for 5 min in the field and later stained with
Giemsa in a solution prepared with buffer pH 7.0 (ratio 1:5)
for 30 min in the laboratory (Valkitinas 2005).

Blood smears were examined at X1000 magnification
for at least 10,000 monolayered erythrocytes using a light
microscope (PrimoStar Zeiss, Germany). The examined
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smear was just marked as containing parasitic gametocytes
(“positive”) or not (“negative”) and served as an additional
control for detecting successful infections.

Preparation of genetic samples

A 3x3 mm piece of each sample was cut out from the FTA
cards for DNA isolation. DNA was extracted according to
the ammonium-acetate protocol by Martinez et al. (2009)
and purified with NZYGelpure columns (NZY Tech, Por-
tugal). The concentration of isolated DNA was measured
by NanoDrop2000c UV—-Vis Spectrophotometer (Thermo
Fisher Scientific, Wilmington, USA).

Parasite detection

To determine the presence of haemosporidians we per-
formed a nested polymerase chain reaction (PCR) targeting
a 479 bp region of the mitochondrial cytochrome b gene
(cyt b, Bensch et al. 2000) and followed the PCR protocol
suggested by Hellgren et al. (2004). For the initial step we
applied the primer pair HaemNFI/HaemNR3. A 4 pl aliquot
of this PCR product was subsequently used as template DNA
for the second PCR reactions with specific primer pairs.
We used HaemF/HaemR?2 for Haemoproteus and Plasmo-
dium; HaemFL/HaemR2L for Leucocytozoon detection. We
included additional positive (samples with known infection
status) and negative controls (deionised water) for each PCR
run. Cycling conditions followed the protocol given by Hell-
gren et al. (2004) and included an incubation step at 94 °C
for 3 min, a final extension at 72 °C for 10 min and a thermal
profile of 30 s at 94 °C, 30 s at 50 °C and 45 s at 72 °C for
20 cycles in the initial PCR and for 35 cycles in the parasite-
specific PCR. PCR protocols were carried out on a Biometra
TOne Cycler (Analytik Jena, Germany).

PCR products that displayed clear bands during gel elec-
trophoresis (QIAxcel Advanced, Qiagen, Switzerland) were
bidirectionally Sanger sequenced in Microsynth-Seqlab
(Sequence Laboratories Goettingen GmbH, Germany). For-
ward and reverse sequences were assembled and trimmed in
CLC Main WorkBench (Qiagen, Switzerland).

During the process of assembly, forward/reverse or
both sequences in the consensus alignment sometimes
displayed conflicts—missing nucleotides or double peaks.
In the case of missing nucleotides, we used the second
sequence (reverse or forward, respectively) to fill the gap.
If the observed double peaks were equal or one peak was
slightly lower, we considered such sequences as containing
mixed homogeneric infections (Online Resource 2a-b). If
the lineage associated with the lower peak never appeared
in our results as a distinct infection, we did not consider the
case as a mixed infection and analysed the lineage associ-
ated with higher peak only (Online Resource 2d). Some of
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our sequences contained several conflicts and following all
the plausible coinfections seemed barely possible (however,
we managed to do that for TRPIP2/BT1 and TRPIP2/BT4
coinfections). We repeated sequencing for all the files, con-
taining more than 20 mismatches that could not be resolved,
and unless the sequences were significantly improved, we
considered them further as “unknown lineages”.

Phylogenetic and statistical analysis

In order to identify genetic lineages, we aligned the qual-
ity-checked sequences with the references deposited in the
MalAvi database via BLAST algorithm (BLASTN 2.3.0+;
Zhang et al. 2000). All the identified sequences were then
aligned and trimmed in BioEdit (Hall 1999). To construct
lineage networks, we applied median-joining network meth-
ods with PopART 1.7 (Leigh and Bryant 2015).

We ran additional Bayesian inference analysis for our
Haemoproteus and Plasmodium and Leucocytozoon line-
ages with one Theileria annulata (GenBank: ON706267)
as an outgroup in order to reconstruct the phylogeny as well
as clarify if our lineages belong to Haemoproteus (Haemo-
proteus) or Haemoproteus (Parahaemoproteus). In this study
by “Haemoproteus” we will mostly refer to the genus, unless
otherwise stated. For that we included in our analysis fif-
teen (eight H. Haemoproteus and seven Parahaemoproteus)
additional 479 bp cyt b sequences from the GenBank with
known subgenera status (e.g. described in Dimitrov et al.
2016; Schumm et al. 2021 and other works). For the phylo-
genetic reconstruction we used transitional model including
variation among sites (TIM2+ G; Posada 2008), suggested
by jModelTest 2.1.7 software (Darriba et al. 2012) as the
best-fit model according to Bayesian Information Criterion
(BIC) and decision-theoretic performance-based approach
(DT). Bayesian phylogenetic reconstruction was performed
by BEAST 1.8.4. (Drummond et al. 2012), using strict clock
and Yule speciation process (Yule 1925; Gernhard 2008) as
tree priors selected in BEAUT: 1.8.4. Markov chain Monte
Carlo (MCMC) simulations were run with 25 000 000
chain length, sampling every 1000 generations with 10%
of the samples later discarded as burn-in in TreeAnnotator
(BEAST package). The results of the analyses were vali-
dated in Tracer 1.6 (Drummond and Rambaut 2007) and the
final tree was built in FigTree 1.4.4 (Rambaut 2007).

We calculated the general prevalence according to both
genetic and morphological methods, while the prevalence
per species and per sites were assessed based on genetics
data only. We also compared lineage prevalence between
females and males for bird species with clear sexual dimor-
phism. The association between number of infections and
body mass per individual was also assessed.

For the statistical analyses, we used Chi-squared tests,
two-factor ANOVAs and Spearman correlations conducted
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in R (R core team 2022). For the multiple testing we used
Bonferroni correction. We applied statistical comparisons to
species with sample size exceeding five individuals (redpoll,
bluethroat, willow warbler, little bunting, chiffchaff, bram-
bling, Arctic warbler, redstart; see Online Resource 1). To
create the graphs outlining the findings of our research, we
used the ggplot2 package in R (Wickham 2016).

Results
Parasite prevalence

Screening the DNA from 135 birds revealed 103 (76.3%,
Online Resource 3) individuals infected by at least one
parasite genus; the remaining 32 displayed no detectable
infection. The most common parasite was Leucocyto-
zoon, which was found in 97 individuals (72%) from 13
avian species. They were infected by 16 genetic lineages

Table 1 Parasitic haemosporidian lineages infected passerine bird
species sampled on the Yamal peninsula. Table displays lineage
name, genus/subgenus that particular lineage belongs to (L—Leuco-
cytozoon, H-Parahaemoproteus, P—Plasmodium), number of infected
avian individuals and species, geographical region where lineage was

belonging to two clades (Table 1; Fig. 2). Beyond identi-
fied lineages of this genus, our data contained nine Leu-
cocytozoon sequences that displayed plenty of conflicts in
assembling and therefore could not be identified to lineage
level.

All the lineages pertaining to Haemoproteus sensu lato
were proved to belong to H. (Parahaemoproteus). We did not
find any H. (Haemoproteus) infection in our dataset (Fig. 2).

Parahaemoproteus and Plasmodium appeared to be far
less common than Leucocytozoon, with 12 individuals
(8.9%) from four avian species infected by Parahaemopro-
teus and another 11 individuals (8.2%) from six avian spe-
cies infected by Plasmodium. We found five distinct genetic
lineages for each of these parasite genera (Table 1).

Blood parasite prevalence differed significantly among
species (;(27 =120.6, p <0.0001; Fig. 3). For all the exam-
ined species the most frequently abundant parasite was Leu-
cocytozoon, except for the one sampled rosefinch infected
by Parahaemoproteus only. All the Parahaemoproteus and

found (E-Erkuta, La—Labytnangi), host range and list of coinfections
with other Leucocytozoon lineages (if applicable). Number of coin-
fections with other Leucocytozoon lineages is given in the brackets in
the “individuals” column

Lineage Genus  Individuals  Species  Place  Host species LL coinfections with
TRPIP2 L 24 (2) 5 E,La Redpoll; little, reed buntings; brambling, sedge warbler BTI1, BT4
BT1 L 19 (7) 5 E,La Bluethroat; willow, Arctic warblers; little, reed buntings TRPIP2, BT4
ACAFLA06 L 17 (4) 5 E,La Redpoll, little bunting, willow warbler, pipit, accentor ACAFLAOQ7
ACAFLAO7 L 8(4) 2 E Redpoll, little bunting ACAFLAO6
BT2 L 9 4 E,La Redpoll, bluethroat, willow and Arctic warbler

TURDUS1 P 6 3 E,La Brambling, bluethroat, pipit

SISKIN1 H 5 2 E,La Redpoll, willow warbler

BT4 L 7 (6) 3 E Bluethroat, little bunting, chiffchaff BT1

BT5 L 3 1 La Brambling

NEVEO1 L 3 1 E Redwing

BRAMI1 H 3 1 La Brambling

CARFLAO3 L 2 2 E,La Redpoll, brambling

CCF3 H 2 1 La Brambling

BT7 P 2 1 E Bluethroat

BRAM3 L 1 1 La Brambling

EMSPO04 L 1 1 E Little bunting

PARUS16 L 1 1 La Redstart

ROFI6 L 1 1 E Redpoll

EMBPUSOl L 1 1 E Little bunting

TURILIO1 L 1 1 E Redwing

SFC8 L 1 1 E Willow warbler

ROFI3 H 1 1 La Rosefinch

WWI H 1 1 E Willow warbler

PHYBORO5 P 1 1 La Arctic warbler

SGS1 P 1 1 La Redstart

SW2 P 1 1 E Little bunting

@ Springer



502 Polar Biology (2023) 46:497-511
Fig.2 Phylogeny of mito- BRAM3
chondrial cytochrome b gene EMBPUSO1*
lineages (479 bp fragment) of E$51P2 clade 1 499
avian haemosporidian parasites BT4 )
(two clades of Leucocytozoon, PARUS16
subgenera Parahaemoproteus ) E$¥E0 1 Leucocytozoon
and Haemoproteus, as well as u BT2
Plasmodium with Theileria I ROFI6 P
as an outgroup) with lineages 1 EQEELOAO%?,
shown on the left and genera/ SFC8
bigger clades only on the right. | ACAFLA07:
Scale is given for the image on égé? II:IA(\)%.6*
the left (and the long branch
of Theileria is not shown), STRTURO5_MT888849 Parahaemoprotéus
branch lengths are arbitrary for \%V%ERAOZ—LC23O 123 PR
the image on the right. All the LAMPURO1_EU810728
lineage names are given accord- BRAM1
ing to the MalAvi database; EnglmAleg |3|936181 286 0.76
additional GenBank accession LICHRYS01 KP721986
numbers are included for the SISKIN1 Haemoproteus,
lineages that were not found 28%3
in our study and were used as PARUS1_AF254977 1
“control” sequences for two OENCAPO1 MT888850
subgenera of Haemoproteus. STRTUR04_MT888848
Nodal support values indicate Egé-l\l;ﬁ‘h%zl—mys%%%‘}s%g Plasmodium
posterior clade probability. CREFURO1 JN827318
Asterisks mark novel lineages AFR112 _KMO056423
ZEMAC13_IN788945
COLTALO1_GU296214
PHYBOROS5*
g'\ll'v72 Theileri;
TURDUS1 e <4
SGS1

0.1

Plasmodium infections occurred in adult birds, while several
Leucocytozoon infections were found in juvenile birds.

Mixed infections

Of 103 infected birds, single infections were found geneti-
cally in 63 individuals with one lineage of Leucocytozoon
(L), two individuals with Parahaemoproteus (shortly refer-
enced as H) and four individuals with Plasmodium (P); 25
individuals (18.5% from all the sampled birds) contained
confirmed multiple mixed infections (LL—11 samples,
LH—10, LP—4). Additionally, nine unidentified sequences
most likely contained mixed Leucocytozoon infections.
Moreover, three of them displayed Plasmodium infection,
and these Plasmodium sequences were perfectly assem-
bled and identified. Therefore, we suggested six of these
sequences presented at least LL infection and three were
most likely LLP (Fig. 3).

Each species with heterogeneric infections contained
either Leucocytozoon and Parahaemoproteus (redpoll
and willow warbler) or Leucocytozoon and Plasmodium
(bluethroat, little bunting, Arctic warbler, redstart; Fig. 3).
Only one species was infected by all three genera of
parasites—brambling.
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Lineage diversity

We found 26 genetic lineages of parasites in our sam-
ple, and five of them were not described earlier. We gave
names to novel lineages and registered them in MalAvi,
four of them (ACAFLAO06, ACAFLAO7, TURILIOI,
EMBPUSO1) belonged to Leucocytozoon and one (PHY-
BORO5) belonged to Plasmodium. We also uploaded novel
lineages into the GenBank under the accession numbers
OP763386-90.

We considered eight lineages as common, appearing in
five or more individuals; others were considered as rare
(Table 1). Common Leucocytozoon lineages (Figs. 4, 5) were
TRPIP2 (18%), as well as BT1 (14%), novel ACAFLAO6
(13%), BT2 (7%), novel ACAFLAO7 (6%), BT4 (5%). The
most common Haemoproteus lineage was SISKIN1 (4%)
and the most common Plasmodium lineage was TURDUS1
(4%).

The highest lineage diversity was found in redpoll, little
bunting and brambling (7 lineages each species), followed
by willow warbler (6) and bluethroat (5) (Table 1, Fig. 5).

We also found a correlation between sample sizes and
numbers of detected lineages per species (r,=0.74, n= 14,
p=0.0025) as well as per sites (r,=0.95, n="7, p=0.0008).
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Fig.3 Overall prevalence of blood parasites of passerine bird spe-
cies sampled on the Yamal peninsula. Colours mark combinations of
infections: L—Leucocytozoon, H—Parahaemoproteus, P—Plasmo-
dium, single infections; LL, LH, LP—mixed infections, respectively;

Sampling sites

General parasite prevalence according to genetic meth-
ods was 83% at Erkuta and 57% in Labytnangi. We found
significant differences in general prevalence between all
seven sampled plots (;(26= 19, p=0.0040), albeit distinct
comparisons among five sites of Erkuta or two sites of
Labytnangi revealed no significant differences (Online
Resource 4; 2, =0.22, p=0.99 and 4%, =2.76, p=0.1,
respectively).

We found more lineages in Erkuta (11 unique, 18 in total)
than in Labytnangi (8 unique, 15 in total), seven of them
abundant on both sites (TRPIP2, BT1, ACAFLAO06, BT2,
CARFLAO3 belonging to Leucocytozoon, SISKIN1 and
TURDUSI belonging to Parahaemoproteus and Plasmo-
dium, respectively). Also, most of the lineages from both
Erkuta and Labytnangi belonged to Leucocytozoon, each site
contained three Plasmodium lineages, and Haemoproteus
diversity was higher in Labytnangi compared to Erkuta (four
and two lineages, respectively). One of our novel lineages
(ACAFLAO06) was common at both sampling sites, but other
three novel Leucocytozoon lineages (ACAFLAO7, EMB-
PUSO1, TURILIO1) were found in Erkuta only, and novel
Plasmodium lineage (PHYBOROS) was found in Labytnangi
only.

warbler(15) warbler(8)

67%

38%

33%
9%

chifichaff  redstart
(11) (6)

willow Arctic

u—unknown Leucocytozoon infections, uP—mixed infections with
unknown Leucocytozoon and Plasmodium. Total sample size per each
species (including non-infected individuals) are given in brackets

The highest lineage diversity was found at Erkuta at the
site in the vicinity of the camp (Fig. 1) and in the town
Labytnangi (13 lineages each site, Online Resource 4). The
rare lineages (14; except NEVEO1, ROFI6, WW1, BT7)
and all the novel lineages (3; except broadly distributed
ACAFLAO06 and ACAFLAOQ7) were found in these two sam-
pling sites only.

Transmission

Several infections occurred in first-year birds, which had
never migrated and therefore prove a local transmission of
the parasites (Leucocytozoon only in our case). Thus, we
found juvenile bramblings infected by TRPIP2 and BRAM3
as well as redstart infected by PARUS16 (all of aforemen-
tioned birds were caught in Labytnangi) and little bunting
infected by BT1 (the only one infected juvenile bird from
Erkuta). Therefore, at least two broadly distributed common
lineages (TRPIP2 and BT1) are transmitted locally.

Body mass
Infected birds tended to weigh slightly more than indi-

viduals without parasites, and there was a positive corre-
lation between body mass and total number of infections
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Fig.4 Median-joining network TURILIOT*
of mitochondrial cytochrome G
b sequences (479 bp) of Leu-
cocytozoon lineages belonging
to passerine birds sampled on
the Yamal peninsula (number
of infections =99, total number
of infected birds=103). Circles
represent lineages. Circle
sizes are proportional to the ACAFLAOQ7*
frequency of the lineage in the
sample set; avian families are ACAFLAO6*
represented by different colours.
One hatch mark represents one
mutation. Asterisks mark novel
lineages 10 samples
1 sample
® P,
Fringillidae
~ Turdidae
@ "
Sylviidae
Muscicapidae
® =
Motacillidae
® .
Passeridae

O
NEVEO1

(by lineage) per individual (r=0.49, n=110, p <0.0001;
Fig. 6). A two-factor ANOVA revealed significant effect of
species (F,=144.2, p<0.0001) and number of infections
(F;=9.2, p=0.0031) on the body mass, and no interaction
between these two factors (F;,=0.79, p=0.5943).

Sex

We compared lineage prevalence between females and
males for bird species with clear sexual dimorphism
and found significant differences in redpolls (y*=58.1,
p <0.0001), bramblings (;(212 =308.3, p<0.0001) and
bluethroats (;(24: 68.4, p<0.0001); all the p values are
given according to Bonferroni correction. Particular line-
ages tended to be more frequently found in one of the
sexes (Online Resource 5). For example, the most com-
mon lineage found in female redpolls (44%) was TRPIP2,
while just 12% of males were infected by the same lineage.
Most redpoll males (53%) displayed ACAFLAOG6 infection;
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and just 17% of females had that lineage. The majority of
Parahaemoproteus (SISKIN1) infections occurred in red-
poll males compared to females (18 and 6%, respectively).

Blood smears

Microscopic examination revealed 16 individuals out
of 139 (11.5%), whose blood contained parasitic game-
tocytes. The prevalence of parasite genera differed sig-
nificantly from results obtained by genetic methods
(r*,=28.5, p<0.0001). Moreover, according to blood
smear examination, the most common parasite was Par-
ahaemoproteus (11 infected individuals compared to
three containing Plasmodium and two containing Leuco-
cytozoon). We found no heterogeneric mixed infections
in blood smears. The highest prevalence was found in
brambling (54.6%) and little bunting (15.4%), while all
other species had less than 12% blood parasite prevalence
detected by blood smear examination (Online Resource 3).
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Fig.5 Proportion of common (ACAFLA06, ACAFLAO7, BT1, BT2,
BT4, TRPIP2, SISKIN1, TURDUS1), rare and unknown blood para-
site lineages per each avian species sampled on the Yamal penin-
sula (proportions are given from total number of infections per each

Successful infections

Blood smear examination revealed gametocytes (sexual
stages of life cycle occurring in avian blood cells) and,
therefore, successful infections; thus, we could connect
morphological data with certain genetic lineages. We found
gametocytes of the subsequent lineages in the blood smears:
TRPIP2 in one little bunting and BT1 or BT4 (genetic anal-
ysis showed mixed infection) in one bluethroat; SGS1 in
one redstart, BT7 in one bluethroat, SW2 in one little bunt-
ing; SISKINT1 in four redpolls, CCF3 in two bramblings,
BRAMI in two bramblings, ROFI3 in one rosefinch. Images
of infected erythrocytes are available in Online Resource 6.

SISKIN1 (Parahaemoproteus) infection in all the four
infected redpolls was acute; we observed more infected
blood cells than normally during the smear screening
(Online Resource 6). Moreover, it is the only case of consen-
sus between infections detected by genetic and morphologi-
cal methods; in other words, genetic screening revealed four
infected individuals and Parahaemoproteus gametocytes
were found in blood smears from the same four individuals.
In all the other cases, no consensus was obtained.

lineage

B AcAFLAOE* (L)
B AcAFLAO7*(L)
M BT

BT2(L)

BT4 (L)

rare

SISKINT (H)
I TRPIP2(L)
B TurDUS1(P)
. unknown (L)

bram'bling willow warbler Arcticwarbler chiffchaff

species). The genus particular lineage belongs to is given in brack-
ets (L—Leucocytozoon, H—Parahaemoproteus, P—Plasmodium),
“rare” category combines lineages belonging to all three genera.
Asterisks mark novel lineages

Discussion
Parasite prevalence

We screened 135 birds from the north-western Siberia genet-
ically, and detected an overall blood parasite prevalence of
76.3%, which was higher than previously reported for other
northern regions (e.g. Alaska, 53%; Oakgrove et al. 2014).
In particular, a prevalence of 90% and more for certain spe-
cies was rather an unusual result compared to other stud-
ies for particular species abundant in northern areas (80%,
Krams et al. 2010; 68.5%, Svoboda et al. 2015; 69%, Van
Hemert et al. 2019). The majority of detected infections
refer to Leucocytozoon, while Parahaemoproteus and Plas-
modium infections were less abundant and mostly appeared
as a double infection together with Leucocytozoon, which is,
most likely, common for the northern latitudes (ValkiGinas
1989; Valkianas et al. 1990; Valkianas 2005; Oakgrove et al.
2014).

Infection rates

Infection rate for several species was very high: 94% for
redpoll, 92% for little bunting, 91% for bluethroat and 90%
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Fig.6 Body mass of the passer-
ine birds (log scale) sampled on
the Yamal peninsula, in relation
to the number of detected blood
parasite infections for the same
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for brambling. We could not associate such a high preva-
lence with any known parameter, e.g. shared wintering area,
breeding biotope or phylogenetic relationships. However,
such pattern might be a feature of northern populations. For
example, a previous study showed that the northern popula-
tion of bluethroats contained the highest prevalence of blood
parasites compared to more southern populations (Svoboda
et al. 2015).

The most surprising high value of prevalence was the
one obtained for the redpoll, the only resident species in
our dataset. Normally, parasite prevalence in juveniles and
resident birds is lower compared to the adult long-distance
migrants (Oakgrove et al. 2014; de Angeli Dutra et al. 2021).
However, in our study (adult) redpolls displayed the highest
prevalence value (Fig. 3).

We also had species with relatively low infection rate
(all the Phylloscopus birds: willow and Arctic warblers,
chiffchaff). Redstarts might also be considered as species
with rather low infection rate, but about 80% of sampled
individuals were juveniles, and such comparison to other
species might be irrelevant. Another remarkable result was
9% blood parasite prevalence in chiffchaff, where only one
individual was infected by Leucocytozoon. Unusually low
prevalence had already been reported for this species, how-
ever, it referred to Parahaemoproteus only, while Leucocy-
tozoon prevalence was higher (40-70%, Bensch et al. 2012).

Sampling sites
Generally, there are twice as much passerine species breed-

ing in northern taiga and forest—tundra zone at 66° on Yamal
peninsula (Labytnangi) than in shrub tundra at 68° (Erkuta)
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(Ryzhanovskiy 2012), and we could have expected higher
diversity of avian species caught as well as consequent
higher diversity of parasite lineages in Labytnangi. However,
we caught 11 avian species in Erkuta and 10 in Labytnangi,
which is almost equal, but the sample size (number of indi-
viduals) from Erkuta was approximately thrice as much as
Labytnangi sample size. Moreover, the most common and
numerous species in our sample from Erkuta were redpoll,
bluethroat and little bunting (all three rather not common,
but still abundant in Labytnangi), while the main dominant
species from Labytnangi was brambling, totally absent in
Erkuta and in tundra in general due to niche incompatibility.

Differences in sample sizes, sampled avian species, as
well as other methodological aspects such at timing (sam-
pling in Labytnangi occurred in July only and much more
juvenile birds were caught, 70% of them uninfected) might
partly explain the differences in prevalence and lineage
composition between two sites. Most likely these sites have
their own unique composition of lineages, partly shaped by
differences in avian biodiversity between shrub tundra and
woodland habitat.

Our findings of broadly distributed novel ACAFLA06
(Leucocytozoon) lineage in these northern habitats as
well as less common novel lineages (ACAFLAO7, EMB-
PUSO1, TURILIO1, found in Erkuta only) might suggest
the evolution of Leucocytozoon lineages above the polar
circle, especially in tundra zones.

Lineage diversity: generalists and specialists

Although common lineages infected a relatively broad
range of sampled hosts, some specific tendencies might
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be observed. Thus, closely related BT1 and BT4 never
infected Fringillidae (except Emberiza and Schoeniclus),
and ACAFLAO06/07, TRPIP2 never infected Turdidae
(bluethroats mostly) (Fig. 4).

Most of the identified Leucocytozoon lineages seem
to be generalists capable of infecting more than one Pas-
seriformes genera, however, displaying certain patterns
(MalAvi database). For example, according to MalAvi,
TRPIP2 infects Fringillidae, Motacillidae (Anthus) and
Paridae birds while BT1—Turdidae (Luscinia), Sylviidae,
Muscicapidae (Phoenicurus), Paridae. Our findings sup-
port these patterns as well (Table 1, Fig. 4). Our research
presents novel hosts for PARUS16, BT2, BT4 and BTS.
NEVEOQI1 was previously found in blackbird only, and in
our study just the redwings were infected with this line-
age, thus, it is the only one Leucocytozoon candidate for
being a specialised (to genus Turdus) lineage.

In general, Plasmodium is known to be a generalist,
while Haemoproteus—as more host-specific parasite
(Fecchio et al. 2020; Doussang et al. 2021). All the identi-
fied Plasmodium lineages (TURDUS1, BT7, SGS1, SW2;
except the novel PHYBOROS) are indeed broadly distrib-
uted and infect a broad range of hosts. Knowledge about
Haemoproteus lineages is scarcer (which could be due
to general bias towards Plasmodium studies; Valkilinas
2005). Nevertheless, according to MalAvi, SISKIN1 and
CCF3 infect mostly Fringillidae, WW 1—mostly Sylvidae
(the most frequent host is willow warbler; but this par-
ticular lineage was also reported from Anseriformes and
Bucerotiformes), which totally corresponds to our results.
BRAMI1 and ROFI3 are only known from brambling and
rosefinch, respectively, and in our dataset, they are rep-
resented in these particular species only.

However, all the specialist—generalist suggestions are
quite vague. All the identified entities are based on one
gene, cyt b, which is involved oxidative phosphorylation
energy metabolism in vector, so, most likely, cyt b genetic
lineages are bound to vectors rather than to hosts (Hall
et al. 2005; Fecchio et al. 2020). Therefore, observed
differences in host ranges might be severely dependent
from exposure to compatible vectors. Moreover, several
lineages might be considered as one species, as it was
recently shown with Leucocytozoon lineages (Galen et al.
2018b).

Transmission

Life of a bird usually includes seasonal migrations, giv-
ing plenty of opportunities for manifold infectious agents:
assuming abundance of compatible vectors, transmission of
blood parasites can occur on the breeding sites, along migra-
tion routes and in wintering areas (Hubalek 2004; Valkitinas
2005). Furthermore, if the infection occurs successfully, it

remains in bird hosts either for many years or for life (Gar-
nham 1966), but demonstrates certain seasonal dynam-
ics (Valkitnas 2005). In other words, abundance of those
parasites does not necessarily mean transmission in polar
latitudes.

Nonetheless, Yamal breeding habitats have enough
potential to be the foci for the diseases caused by haemos-
poridians. Northern taiga, forest—tundra and tundra zones
are perfect breeding habitats for vectors—blood-sucking
insects, such as black flies (genera Simulium, Odagmia, Sch-
oenbaueria), mosquitoes (Ochlerotatus) and biting midges
(Culicoides). Some species were observed recently for the
first time suggesting a potential shift in geographical dis-
tribution (Fyodorova et al. 2019; full list of blood-sucking
insects of Yamalo—Nenets Autonomous Region is available
in the paper by Fiodorova et al. 2019).

However, distribution patterns and periods of mass imago
abundance differ between these insects. Numbers of Yamal
black fly species increase from northern taiga to tundra with
intermediate value in forest—tundra, and the opposite trend
is observed for biting midges; mosquitoes are also more
diverse in tundra (Fyodorova et al. 2019). Moreover, abun-
dance of (imago) mosquitoes reaches its peak in June and
July, black flies and biting midges—in July and August with
biting midges being the latest (Fyodorova et al. 2019). Pos-
sibly, Parahaemoproteus infections in juvenile birds (sam-
pled mostly in early-middle July) were not detectable in our
study, because the vectors—biting midges—are abundant
and active later during the summer.

All the lineages found in juvenile birds (TRPIP2,
BRAM3, PARUSI16, BT1) belong to Leucocytozoon, and,
interestingly, to the clade 1, suggesting that successful local
transmission might be bound to compatibility between the
certain features of parasite metabolism and local vectors’
physiology (because cyt b of parasite is involved in metabo-
lism in vector). Therefore, Leucocytozoon clade 1 might be
more favourable for transmission in northern latitudes.

Moreover, it is known that redpolls are non-philopatric
species performing no transcontinental migrations, but com-
mitting short-distance seasonal relocations (Ryzhanovskiy
and Ryabitsev 2021). Therefore, most likely they were still
infected (by Leucocytozoon: ACAFLA06, ACAFLAO7,
BT2, ROFI6, CARFLAO3 from clade 2 and again TRPIP2
from clade 1; as well as one Parahaemoproteus lineage
SISKIN1) in rather northern latitudes (but not necessarily
locally or above the polar circle). We did not find any proof
for Plasmodium transmission in our study either with juve-
niles or resident species.
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Body mass

A positive correlation between body mass and number of
infections, obtained in our study, led us directly onto the
question of pathogenicity of haemosporidian parasites and
their effect on hosts. In general, studies obtained rather con-
tradictory results on pathogenicity: from minimal effect on
individuals (Bensch et al. 2007), their behaviour (Knowles
etal. 2010; Dunn et al. 2011) and fitness (Merino et al. 2000;
Marzal et al. 2005) to huge impact on the whole population
(Warner 1968; van Riper et al. 1986). The same applies to
body mass. It is known that severe parasitemia leads to the
decrease of body mass (e.g. Valkitinas 2005; Valkitinas et al.
2006). However, there are surveys showing no clear effect
on weight (Smith and Cox 1972; Bennett et al. 1988) or a
positive correlation between host body mass and infection
rate as obtained in our study (e.g. Scheuerlein and Ricklefs
2004; Gonzalez et al. 2014; Fecchio et al. 2021).

Such a visible contradiction in observed physiological
effects might occur due to different intensities of infection.
In a study assessing an association between haemosporid-
ian infection and another physiological parameter, fatness
level of migratory birds, many haemosporidian hosts with
medium and low intensity of infection had quite high level
of fatness, while birds with intense parasitemia mostly
displayed insufficient levels of fatness (Valkitnas 1983).
Moreover, host nutrition has a strong effect on infection
dynamics and parasite virulence (Cornet et al. 2014). If the
body mass is a proxy for the general condition of the bird,
then individuals in a better condition could be more exposed
to vectors and parasites than individuals in poor condition.

Thus, our correlation might reflect these two processes:
hosts in a better condition “attract” more vectors and para-
sites, but generally low intensity of infection (supported by
results of blood smear examination) does not affect the body
mass dramatically. However, to follow-up the reasons and
the precise mechanism of association between body mass
and number of infections, further research is essential.

Sex

Observed differences in prevalence might be due to vari-
ous biotopes chosen by certain groups of birds during the
migrations or spatial movements and subsequent exposure to
various vectors (Svoboda et al. 2015). However, to find out
if these differences are real, a larger sample size is needed
(especially for bluethroats and bramblings).

Restrictions of the methods

We obtained very different results from screening blood
smears and applying genetic methods (Online Resource 3).
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Blood smear examination revealed successful acute infections
(via detection of gametocytes), while infections in certain sea-
sonal periods of avian life cycle and mild infections could be
missed. However, they had to be detected by genetic methods
together with unsuccessful infections, when the parasite does
not complete its entire life cycle and infect the host (Valkitinas
2005; Moens et al. 2016). Most likely, blood smear examina-
tion tends to underestimate blood parasite prevalence, while
genetic methods might overestimate the same value (Valkitinas
2005; Bensch et al. 2021). Both methods are thus imperfect
and could lead to contradictory results. For example, smear
from one brambling contained Parahaemoproteus plenty of
gametocytes, albeit electrophoresis showed a peak in Leucocy-
tozoon PCR products, but not in Haemoproteus/Plasmodium.
We repeated the PCRs for this individual and obtained the
same result.

Double Leucocytozoon coinfections appeared to happen
between certain lineages. Thus, the most common combina-
tions occurred between couples of closely related lineages:
BT1 and BT4 (differing in 2 nucleotides in 479 bp cyt b frag-
ment; 5 individuals) as well as ACAFLA06 and ACAFLAQ7
(differing in 1 nucleotide; 4 individuals). In several sequences
with mixed BT1/BT4 infection from bluethroats there were
signs of additional RS2 infection (secondary lower peak;
another closely related lineage). This lineage never occurred
in our data separately, so we did not count these cases as tri-
ple coinfection. When coinfections of more distant lineages
or between several lineages occur, it is much more difficult
to detect which signal belongs to which lineages, and, there-
fore, lineage identification is not a trivial task. We managed to
obtain such results from TRPIP2/BT1 and TRPIP2/BT4 mixed
infections, but nine sequences remained unresolved.

We also found no individuals displaying triple infection
LHP. However, we might simply miss them, because nested
PCR for Haemoproteus and Plasmodium favours the ampli-
fication of the most abundant parasite in the sample or the
parasite for which the primers are a better match (Ciloglu et al.
2019).

We found correlations between sample sizes and number
of lineages. Also, some of avian species and sample sites from
our study were clearly underrepresented, so more lineages
might be revealed in the research with bigger sample sites for
these underrepresented sets of species or sites.

Conclusions

Our pilot study revealed avian blood parasites from three
genera (Leucocytozoon, H. (Parahaemoproteus), Plas-
modium) infecting Passeriformes breeding on the Yamal
peninsula. The prevalence of haemosporidians was rela-
tively high, especially for certain avian species. We found
novel genetic lineages as well as novel host species for
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lineages described earlier. Our results suggest the potential
expansion of blood parasites above the polar circle. Fur-
ther avian haemosporidian research in the Yamal tundra,
especially with larger sample sizes, could shed light on
some of the discussed questions, including further climate-
change effects, sex differences in infection rates and health
impacts on birds.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00300-023-03130-y.
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