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Migrating animals are thought to be important spillover sources for novel pathogens.
Haemosporidians (malaria-related parasites) are one such group of pathogens that com-
monly spillover into novel host communities if competent vectors are present. In birds,
shorebirds (sandpipers, plovers and allies) perform some of the longest avian migrations,
yet they are traditionally perceived as relatively free from haemosporidians. Although
low prevalence fits several theories, such as effective immune responses or low exposure
to vectors, few studies have been carried out in freshwater inland sites, where the vectors
of haemosporidians (e.g. mosquitoes) are abundant, with a mixture of actively migrating
(staging) and breeding hosts. Here we report the prevalence of three haemosporidian
parasites, Haemoproteus, Leucocytozoon and Plasmodium, screened in 214 shorebirds from
15 species sampled in a freshwater marshland, southern Belarus. Contrary to most previ-
ous studies, we found that haemosporidians were frequent, with an overall prevalence in
the community of 16.36%, including the locally breeding shorebirds (23.13%, 134 indi-
viduals of 10 species). However, actively migrating shorebirds had much lower preva-
lence (0.05%, 55 individuals of five species). We suggest that blood parasite infections
are more common in shorebirds than currently acknowledged. Yet, actively migrating
species may be free from haemosporidians or carry suppressed infections, leading to
lower prevalence or even apparent absence in some species. Taken together, we theorize
that a combination of sampling biases has driven our understanding of haemosporidian
prevalence in shorebirds and future studies should take the migratory status of individ-
uals into account when reporting prevalence. Furthermore, we argue that birds undergo-
ing active migration may be less likely sources of spillover events than previously
assumed.
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Parasite assemblages are not uniform across host prevalence (i.e. the proportion of infected individ-
communities (Keesing et al. 2006, Ellis et al. 2020, uals in a host population) and the host specificity
Fecchio et al. 2022). Factors such as the (i.e. the breadth of host species infected) can vary

massively between even closely related taxa
(Hellgren et al. 2009, Jones et al. 2018, Ellis
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prevalence, including microhabitat occupancy (Fig-
uerola 1999, Gobbin et al. 2021, Menzies
et al. 2021), breeding status (Lutz et al. 2015) or
sociality (Wilson et al. 2003, Bordes et al. 2007).
For instance, studies in Himalayan bird communi-
ties showed complex patterns of community dif-
ferences in the prevalence and diversity of
parasites, depending on elevational range, body
size, community guild and migration behaviour
(Ishtiaq & Barve 2018, Menzies et al. 2021). Yet
one of the main drivers of parasite assemblage dif-
ferences in communities is host migratory behav-
iour (Jourdain et al. 2007, Altizer et al. 2011,
Clark et al. 2016). Long-distance migrants are
potentially exposed to a wider diversity of para-
sites in their breeding, non-breeding and migratory
ranges compared with sedentary species (Figuerola
& Green 2000, Satterfield et al. 2015). Nonethe-
less, overall exposure may not be higher for migra-
tory species than sedentary or short-distance
migrant species, because long-distance migrants
may occupy habitats that are unsuitable for para-
site transmission during parts of the year (Altizer
et al. 2011, Slowinski et al. 2018).

In addition, within populations, sex biases in
infection rate have been detected in several taxa
(Reimchen & Nosil 2001, Calero-Riestra &
Garcfa 2016, Rodriguez et al. 2021), although a
common pattern has not been detected across host
systems (McCurdy et al 1998, Krasnov
et al. 2005, Wood et al. 2007, Brown & Symond-
son 2014). Differences in interspecific and intra-
specific infection rates can be due to behavioural
differences, leading to differential exposure (Reim-
chen & Nosil 2001, Lutz et al. 2015), while
immunological differences between the sexes have
been linked to differences in sex-specific preva-
lence (Zuk & McKean 1996, Zuk & Stoehr 2010,
Valdebenito et al. 2020, 2022). Furthermore, there
is evidence that taxa with greater sex disparity in
sexually selected traits show a correlated increase
in sex-specific parasite infection prevalence and
even mortality (Moore & Wilson 2002).

Haemosporidians (commonly referred to as avian
malaria parasites) are a widespread group of Api-
complexan protists covering three main genera:
Haemoproteus (including Parahaemoproteus), Leuco-
cytozoon and Plasmodium (Valkitnas 2005). Hae-
mosporidians have complex life cycles involving a
vertebrate host and an insect vector. Although some
developmental differences exist between the gen-
era, their life cycles are broadly similar, with an
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exoerythrocytic stage, where sporozoites infect host
organ tissue, from which erythrocytic stage cells
erupt and invade host red blood cells, eventually
forming gametocytes. These gametocytes are then
picked up by a blood-feeding vector, in which sex-
ual reproduction occurs (Valkitnas 2005). The larg-
est ecological difference between the three
haemosporidian genera is their vector preference,
with Haemoproteus species generally being vectored
by Culicoides biting-midges and Hippoboscidae flat-
flies (Baker 1967, Bukauskaité et al. 2019), Leucocy-
tozoon being vectored by Simuliidae blackflies
(Valkitinas 2005) and Plasmodium being transmit-
ted by Culicidae mosquitoes (Valkitinas 2005). Pro-
duction of erythrocytic cell types (i.e. cells that are
circulating in the bloodstream) is governed by a
variety of factors, including the host immune sys-
tem (Videvall et al. 2015, Sorensen et al. 2016) and
the presence of competent vectors (Hawking 1970,
Pigeault et al. 2018).

In birds, to date, over 4600 unique haemospori-
dian lineages have been detected in over 2000 host
species (Bensch er al. 2009). However, although
some lineages are highly specialized to just one or
two host species, others are more generalist and
can have cross-continental distributions (Bensch
et al. 2000, Martinez-De La Puente et al. 2011).
Host specificity is complex and poorly understood
and can be determined by the interactions of the
parasite with the host immune system (Beadell
et al. 2004, Hellgren et al. 2009, Gorter
et al. 2015), proximity of related host species, vec-
tor diversity (Gigi Hoi er al. 2020), environmental
factors (Fecchio et al. 2019, Wells et al. 2019) or a
combination of these factors (Hellgren et al. 2009,
Dallas et al. 2017, Wells et al. 2019). Even closely
related co-occurring host species can show signifi-
cant differences in haemosporidian diversity (Jones
et al. 2018). This can be a result of differences in
behaviour, microhabitat preferences or migratory
decisions, which can influence parasite exposure
(Scordato & Kardish 2014).

Surprisingly, many studies on birds inhabiting
aquatic habitats have found low prevalence and
diversity of haemosporidians, including seabirds
(Quillfeldt et al. 2010), geese (Musa et al. 2018)
and even some passerines (Szollési et al. 2020).
One of the possible explanations for this is the
scarcity or absence of competent arthropod vectors
in the coastal breeding habitats of several of these
species (Quillfeldt et al. 2011, Wtodarczyk
et al. 2022). Rarity in other species, such as the
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Bearded Reedling Panurus biarmicus, is harder to
explain and may be determined by intrinsic,
immunological factors, rather than ecological
effects (Szollési et al. 2020). Shorebirds are
another avian group that has been traditionally
thought of as relatively free from haemosporidians
(Martinez-Abrain et al. 2004). Yet many studies
have focused on species that predominately inhabit
saltwater lagoons and marshes, where the insect
vectors that transmit haemosporidians may be
scarce (Martinez-De La Puente et al. 2017). Few
studies have investigated infection rates outside
the breeding season, but studies focused on species
that overwinter in freshwater habitats have found
little concrete evidence for higher infection rates
(Yohannes et al. 2009, Soares et al. 2016, but see
Mendes et al. 2005). However, recent studies on
snipe (Gallinago sp.) species on their breeding
grounds in Scandinavia (Hoglund et al. 2017) and
Japan (Inumaru et al. 2021) have found haemos-
poridian infections to be common. Furthermore,
many studies have sampled birds on their staging
grounds during active migration, which may coin-
cide with a suppression of parasites in the blood-
stream (Becker et al. 2020). This may result in low
prevalence or even an apparent absence of infec-
tions when screening blood samples. Mendes
et al. (2013) illustrated this phenomenon in Ruffs
Calidris pugnax, showing that haemosporidians
were present as exoerythrocytic stages in the inter-
nal organs, but absent in the erythrocytic stage in
actively migrating individuals. In contrast, relapses
in infection may occur when resources are diverted
from immune defence to breeding activities
(Applegate 1971, Valkitnas 2005, Becker
et al. 2020). This may also suggest that previous
studies have underestimated haemosporidian prev-
alence in shorebirds by not sampling breeding indi-
viduals. Therefore, our current understanding of
haemosporidian prevalence in shorebirds may as
much be shaped by sampling or detection-method
(i.e. molecular testing or light microscopy) biases
as by intrinsic or extrinsic factors acting on the
birds themselves.

In this study we aimed to discover the extent to
which haemosporidians are present in freshwater
shorebirds. Our first hypothesis was that we would
find haemosporidians in shorebirds in freshwater
habitats as these areas provide ideal conditions for
insect vectors and haemosporidian transmission.
Furthermore, if haemosporidians are widespread in
this population, we predicted that there would be

sex-specific patterns of infection in infected species
because of the broad range of breeding strategies
and corresponding resource allocation differences
between sexes in shorebirds (Székely, 2019,
Székely et al. 2023). In particular, we expected to
find greater disparity in sex-specific prevalence in
species with large differences in sex roles and
courtship behaviour. Lastly, we predicted that we
would find significant differences in haemospori-
dian lineage diversity and host breadth between
locally breeding and actively migrating shorebird
species due to a mixture of haemosporidian life
cycles and differences in host life histories and
migratory pathways.

METHODS

Field methods

The Turov water meadows are located in the Pri-
pyat River floodplain in southern Belarus
(52°04'N, 27°44’E). The water meadows are cov-
ered by the Mid Pripiac’ IBA (Important Bird
Area) and characterized by a high variation in
water level, which makes the area ideal for breed-
ing shorebirds, as well as important stop-over and
staging sites for species migrating further north
(Pinchuk et al. 2005, Witkowska et al. 2022). The
region has large breeding populations of threat-
ened shorebird species, such as the Great Snipe
Gallinago media and Northern Lapwing Vanellus
vanellus (Pinchuk et al. 2005). No shorebird spe-
cies are considered to be resident at Turov, with
all breeding species migrating away from the site
during the winter months.

A total of 214 shorebirds representing 15 spe-
cies, using different migration strategies, were sam-
pled during the local breeding season between
April and June in 2021, with smaller numbers of
samples collected between 2017 and 2020. The
most common breeding shorebirds at Turov are
Northern Lapwing and Common Redshank Tringa
totanus, with smaller numbers of other breeders.
Actively migrating species were dominated by Ruff
and Wood Sandpiper Tringa glareola (Table 1).
Adult shorebirds were caught with a variety of
methods, breeding individuals were usually caught
on the nest, using walk-in traps, while lekking
Great Snipe and staging individuals were caught
using targeted or standardized mist-netting
(Pinchuk et al. 2005). Each individual was fitted
with an alphanumeric ring and a series of colour
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Table 1. Sample sizes of male and female shorebirds and
their categorization as either locally breeding or migrating at
Turov, Belarus.

Sample size

Species Status Total Females Males

Eurasian Oystercatcher  Breeding 6 3 3
(Haematopus
ostralegus)

Common Ringed Plover Breeding 5 4 1
(Charadrius hiaticula)

Little Ringed Plover Breeding 2 1 1
(Charadrius dubius)

Northern Lapwing Breeding 59 48 11
(Vanellus vanellus)

Common Snipe Breeding 1 1 0
(Gallinago gallinago)

Great Snipe (Gallinago  Breeding 11 4 7
media)

Jack Snipe Migrating 1 1 0
(Lymnocryptes
minimus)

Black-tailed Godwit Breeding 10 3 7
(Limosa limosa)

Common Sandpiper Breeding 5 2 3
(Actitis hypoleucos)

Dunlin (Calidris alpina) Migrating 14 7 7
Ruff (Calidris pugnax) Migrating 39 15 24

Marsh Sandpiper Breeding 6 5 1
(Tringa stagnatilis)

Common Redshank Breeding 29 12 17
(Tringa totanus)

Spotted Redshank Migrating 1 0 1
(Tringa erythropus)

Wood Sandpiper (Tringa Migrating 252 7 17
glareola)

®Note that a single Wood Sandpiper (Tringa glareola) was
unable to be sexed by molecular methods.

rings. Blood was collected by puncture of the bra-
chial vein and stored in 96% ethanol for later anal-
ysis. All individuals were sexed using molecular
methods (see below) in the laboratory.

Molecular methods

Sexing was performed according to a standard pro-
tocol using primers 2550F (5'-
GTTACTGATTCGTCTACGAGA-3) and 2718R
(5-ATTGAAATGATCCAGTGCTTG-3") to
amplify the CHDIW (females) and CHDIZ
(males) genes as previously described (Fridolfsson
& Ellegren 1999). Haemosporidian presence was
detected using a standardized nested polymerase
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chain reaction (PCR) protocol (Hellgren
et al. 2004). Briefly, 25 cycles were performed
with the primer pairs NaemNFI/NR3, followed by
35 cycles in a second PCR with the primers
HaemF/R2 or HaemFL/R2L. Both reactions used
an annealing temperature of 48°C. Samples from
non-shorebird hosts infected with the Plasmodium
lineage SGS1, Haemoproteus lineage COQUIOS
and Leucocytozoon lineage AEMOO02 were used as
positive controls, and negative controls were run
during DNA extraction and PCR stages. Each sam-
ple was run separately at least twice to account for
any detection errors. Positive samples were puri-
fied with ExoSAP (Thermo Fisher Scientific, Wal-
tham, MA, USA) and bi-directionally sequenced
on an ABI 3730 Analyser (Applied Biosystems,
Waltham, MA, USA) with the BigDye Terminator
v1.1 cycle sequencing kit (Thermo Fisher Scien-
tific) using the respective two primers. Raw
sequences were edited and aligned in Geneious
8.1.9 (www.geneious.com) and compared with
sequences in GenBank and the MalAvi database
(Bensch et al. 2009).

Statistical methods

To investigate the difference in haemosporidian
prevalence between actively migrating and breed-
ing shorebirds, we performed a phylogenetic least
squares regression (PGLS) using the package
‘caper’ (Freckleton et al. 2002, Orme 2018) in R
4.1.2 (R Development Core Team 2021) with A
set to maximum likelihood. PGLS allows us to fac-
tor host phylogeny into the analyses, which could
have an impact on host prevalence similarity (Lau
et al. 2023). To obtain an accurate assessment of
prevalence, we sub-setted our dataset to include
species with a sample size > 20. This left us with
four species, two of which were local breeders
(Northern Lapwing and Common Redshank) and
two of which were actively migrating species (Ruff
and Wood Sandpiper). Secondly, we explored sex-
specific infection rates in Northern Lapwings and
Common Redshanks using two generalized linear
models with binomial error structures with infec-
tion status as response variables and sex as explan-
atory variables. Due to the relatively small number
of samples collected outside 2021, models includ-
ing year as a random effect were unable to con-
verge appropriately, and therefore this variable
was excluded from analyses.
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To compare lineage diversity between actively
migrating and breeding species groups, we calcu-
lated the Shannon diversity indices for each group-
ing and compared the values using a Hutcheson -
test, using the package ‘vegan’ (Hutcheson 1970,
Dixon 2003). Hutcheson t-tests are a modified
version of the classic t-test that provides a method
to compare two samples by incorporating the vari-
ance of the Shannon diversity index measures.
Finally, to explore the host specificity of specific
lineages, we extracted infection records for each
lineage detected in this study from the MalAvi
database (Bensch et al. 2009). We used a Kruskal-
Wallis rank sum test to test whether there was a
significant difference in host breadth between hae-
mosporidian lineages infecting breeding and
actively migrating shorebirds at Turov (Table S1).

Mixed infections (i.e. multiple lineages in one
individual) were detected once (Table S2). Mixed
infections were not double-counted when assessing
prevalence but were double-counted for diversity
assessments.

RESULTS

We found that avian haemosporidian parasites
were present in European shorebirds with an over-
all infection rate of 16.35% in the whole shorebird
community at Turov. Prevalence was different
among the host species, with particularly high
infection rates for Eurasian Opystercatchers and
Great Snipe, but very low prevalence for other
species such as Wood Sandpipers and Ruff
(Fig. 1). Some species displayed an apparent
absence of haemosporidian infections; however,
sample sizes for these species were low (fewer
than five individuals) and therefore an accurate
assessment of their infection rates was not
possible.

When actively migrating and breeding species
were compared, the locally breeding species were
significantly more likely to be infected with hae-
mosporidians (23.13%) than species on active
migration (0.05%) (PGLS: df=2, F=26.86,
P =0.035) (Fig. 2a). Infection rates of the two
most common species at Turov, Northern Lap-
wing and Common Redshank, were moderate,
with infection rates of 19.6% and 27.6%, respec-
tively. We found no evidence for a sex bias in
infection rate of the two species that had substan-
tial numbers of sexed individuals (Table 2,
Fig. 2b,c).

We identified nine haemosporidian lineages,
representing six Plasmodium lineages and three
Leucocytozoon lineages, while Haemoproteus and
Parahaemoproteus were absent (Table 3). We
found just one previously undescribed lineage, a
Plasmodium lineage that was only found in the
Great Snipe, herein called GALMEDO1. The most
common lineage was Leucocytozoon LARCACO02,
which was found in six host species and was par-
ticularly common in Northern Lapwings. Although
we found more lineages in breeding shorebird spe-
cies than actively migrating species, we found no
significant difference in lineage diversity between
breeding and actively migrating groups (Hutcheson
t-test: t = 0.837; df = 7; P = 0.435). However, we
did find that lineages in locally breeding species
were significantly more host-specific than lineages
in actively migrating species (3> = 45.197, df = 7,
P < 0.001).

DISCUSSION

We found haemosporidians to be prevalent in the
wider shorebird community, with an overall infec-
tion rate of 16.5%. However, prevalence varied
greatly among host species, with some, for exam-
ple Eurasian Oystercatchers and Great Snipe, hav-
ing relatively high prevalence, while others had
very low prevalence or appeared to be entirely
uninfected, for example Ruff (Fig. 1). When we
grouped species by their migration status, i.e.
whether the species bred at the sampling location
(Turov) or whether they were migrating through,
we found substantially higher infection prevalence
in the breeding species than the migrants. This
pattern appeared to be driven by a sharp reduction
in the prevalence of Leucocytozoon infections in the
actively migrating species. Indeed, we failed to
detect Leucocytozoon in actively migrating species.
This apparent absence could arise through several
mechanisms. First, the actively migrating species
may have true lower prevalence than the breeding
species. Secondly, visible parasites may be missing
from the bloodstream either by (1) active suppres-
sion on behalf of the host or (2) delayed recrudes-
cence on behalf of the parasite (Becker
et al. 2020).

One of the supposed benefits of breeding at
high latitudes is the relative lack of parasites, com-
pared with lower Iatitudes (Galaktionov 2017,
Kubelka et al. 2022). Therefore, some studies have
proposed that an absence of haemosporidians in
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Figure 1. Prevalence (with 95% confidence intervals) of haemosporidian parasites in 15 host species in Turov, Belarus. Prevalence
was strikingly different across host species, with high prevalence in some species, such as Eurasian Oystercatchers and Great
Snipe, and low prevalence or apparent absence in other species, such as Ruff, Wood Sandpipers and Common Sandpipers. Acro-
nyms for bird species: ACTHYP, Common Sandpiper; CALALP, Dunlin; CALPUG, Ruff;, CHADUB, Little Ringed Plover; CHAHIA,
Common Ringed Plover; GALGAL, Common Snipe; GALMED, Great Snipe; HAEOST, Eurasian Oystercatcher; LIMLIM, Black-tailed
Godwit; LYMMIN, Jack Snipe; TRIERY, Spotted Redshank; TRIGLA, Wood Sandpiper; TRISTA, Marsh Sandpiper; TRITOT, Com-

mon Redshank; VANVAN, Northern Lapwing.

shorebirds may be the result of low exposure at
high latitudes (Piersma 1997, D’Amico &
Baker 2010). However, we find this explanation
unlikely because more recent studies have found
that avian haemosporidians are widely transmitted
in boreal and tundra regions (Loiseau et al. 2012),
and that Leucocytozoon parasites are particularly
prevalent and diverse at these latitudes (Oakgrove
et al. 2014, Fecchio et al. 2020). Therefore, we
find it unlikely that the apparent lack of infections
in migrating species in our dataset has been driven
by low exposure.

Turning to suppression, several studies have
found an apparent absence of haemosporidians in

actively migrating shorebirds (Mendes et al. 2013,
Pardal et al. 2014). A study in Ruff undergoing
active migration showed that haemosporidians
were more prevalent in the muscles and organs
than in the bloodstream (Mendes et al. 2013).
Suppression of haemosporidians in the blood-
stream may be driven by the host because recru-
descence of parasitic infections during energetically
demanding key stages, such as migration, would
lower host survival (Becker et al. 2020). Interest-
ingly, it appears that host immune responses are
not higher during active migration in shorebirds
(Hasselquist et al. 2007). Furthermore, breeding
activities are also highly energetically demanding,

© 2024 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

95U8017 SUOWIWOD SA 81D 3 (dedtdde au A peusenob a1e seoiie VO ‘88N JO S9N Joj AIq1T8UIUO /8|1 UO (SUOTHPUOD-PUE-SLUIB)WIOY™A8| 1M Afe.d 1 [ulUO//:SNL) SUORIPUOD Pue SWS 1 8L 38S *[9202/20/20] Uo Ariqiauluo A8 |im ‘Uedeiged JO AIsAIN AQ STEET IGYTTTT OT/I0P/LOS" A8 M AleIq1jpuluo//SANY WO} Pepeojumod ‘v “¥20g ‘X6T6Y.YT



1360 W. Jones et al.

(a) (b)
0.6 0.6

3

Q 0.4 0.41

Q

©

>

() N

S

(o
0.21 0.21
Gl Breeding  Migrating o F

Species

Northern Lapwing

(c)

0.6

0.41

M Sl F M

Common Redshank

Figure 2. (a) Prevalence (with 95% confidence intervals) was higher in the species that breed (134 individuals from 10 species) in
the Turov water meadows (Belarus) than in the species that use the site as a staging post on their migration north (80 individuals
from five species). (b, ¢) Sex-specific infection rates for female (red) and male (blue) Northern Lapwing (b) and Common Redshank
(c). Neither species showed a significant difference in infection rate between males and females. See Table 2 for statistics.

Table 2. Generalized linear models exploring the relationship between haemosporidian prevalence and sex for Northern Lapwings

and Common Redshanks at Turov.

Species Coefficients Estimate se z P value
Northern Lapwing (Intercept) —1.466 0.370 —3.965 <0.001
Sex:Male —0.038 0.865 —0.044 0.965
Common Redshank (Intercept) —0.693 0.612 —-1.132 0.258
Sex:Male —0.486 8.838 -0.579 0.562

and we might expect continued lower apparent
prevalence in breeding species and individuals than
in non-breeding ones, yet we do not see this pat-
tern. Therefore, it is unlikely that the apparent
lack of infections in actively migrating shorebirds is
driven by differences in host immune response.
Finally, we must consider that the presence or
absence of haemosporidians in the bloodstream is
driven by the parasite itself. For haemosporidians,

host specificity is not limited to just the avian host
as many lineages show differing patterns of host
specificity for insect vectors too (Kimura
et al. 2010, Martinez-De La Puente et al. 2011),
some of which will have limited distributions
(Mata et al. 2015, Cuéllar et al. 2018). As a result,
haemosporidians should be under selective pres-
sure to avoid the production of gametocytes and
associated cells (i.e. cells in the bloodstream) if
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Table 3. Lineage-specific prevalence of avian haemosporidians in shorebirds at Turov, Belarus.

Plasmodium Leucocytozoon

Species GALMEDO1 SW5 SYBOR02 MILANSO5 TURDUS1 CIAEO2 LARCAC02 GALMEGO3 Unknown Total

Eurasian 0 0 0 0 0 2 1 0 1 4
Oystercatcher

Common 0 0 0 0 0 0 1 0 0 1
Ringed
Plover

Little Ringed 0 0 0 0 0 0 0 0 0 0
Plover

Northern 0 2 0 0 0 0 9 0 1 11
Lapwing

Common 0 0 0 0 0 0 0 0 0 0
Snipe

Great Snipe 3 1 0 0 0 1 1 1 0 6

Jack Snipe 0 0 0 0 0 0 0 0 0 0

Black-tailed 0 0 0 0 0 0 1 0 0 1
Godwit

Common 0 0 0 0 0 0 0 0 0 0
Sandpiper

Dunlin 0 1 0 0 0 0 0 0 0 1

Ruff 0 0 0 0 1 0 0 0 0 1

Marsh 0 0 0 0 0 0 0 0 0 0
Sandpiper

Common 0 2 1 0 0 0 3 0 2 8
Redshank

Spotted 0 0 0 0 0 0 0 0 0 0
Redshank

Wood 0 1 0 1 0 0 0 0 0 2
Sandpiper

there are no competent vectors or available new
hosts for them to complete their life cycles (Cor-
net et al. 2014, Pigeault et al. 2018). In conclusion,
we think it is more likely that the apparent
absence of haemosporidian parasites in actively
migrating shorebirds in this study is driven by hae-
mosporidians remaining in the exoerythrocytic tis-
sue stage, rather than by reduced exposure or
active suppression by the host for these species.
No matter the mechanisms determining appar-
ent prevalence, actively migrating species were
found to have lower prevalence. This has interest-
ing implications for spillover and zoonotic disease
research, as it indicates that individuals under
active migration may be less important agents of
vector-borne disease. Although these pathogens
may be able to travel to a new location via a
migratory host, they may be unable to successfully
complete  their lifecycle there (Boulinier
et al. 2016). This has been shown in haemospori-
dians on either side of the Strait of Gibraltar in
the Mediterranean, where the strait poses as an

important barrier to many potential pathogens,
despite avian hosts being able to cross between
with ease (Mata et al. 2015).

We expected to find male-biased infection rates
in Northern Lapwings and Common Redshanks, as
breeding males in many species tend to have
higher infection rates or are more susceptible to
infection relapses (Owen-Ashley et al. 2004, Mou-
geot et al. 2006, Calero-Riestra & Garcia 2016),
because sexual hormones and corticosterone are
known to trigger spring relapses of haemosporidian
parasites (Valkitinas 2005). However, we found no
significant sex differences for either species, or
even a non-significant trend for higher infection
rates in female Common Redshanks (Fig. 2c¢).
Although testosterone has been described as a dis-
rupter of immune systems in some vertebrate
groups (Roberts et al. 2004, Ezenwa et al. 2012,
Foo et al. 2017), some studies have questioned the
extent of this in birds (Valdebenito et al. 2020,
2021). Therefore, it is possible that sex-specific
parasite prevalence is rather driven by differences
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in behavioural traits, such as incubation (Lutz
et al. 2015) or microhabitat differences (Reimchen
& Nosil 2001). Both Northern Lapwings and
Common Redshanks share parental care responsi-
bilities, including incubation (Harrison & Cas-
tell 1998) and therefore it is likely that the sexes
of both species are equally exposed to haemospori-
dian parasites and equally used as sources of infec-
tion to the next generation.

Contrary to our expectations, we found no sig-
nificant difference between lineage diversity in
breeding and actively migrating species. It is possi-
ble that different communities are being detected
in the two groups, with actively migrating species
being significantly more likely to be infected with
generalist lineages that have a wide range of hosts
and vectors, allowing them to be transmitted along
the host migration route. However, our findings
must be tempered by our comparatively low sam-
ple sizes and low overall parasite lineage diversity
for many species in this study.

Infections were dominated by two lineages,
Plasmodium SW5 and Leucocytozoon LARCACO02.
SW5 appears to be a fairly generalist lineage,
found in a wide variety of wetland-associated spe-
cies from across the avian tree of life and across
the northern hemisphere (Bensch et al. 2007,
Ramey et al. 2016, Inumaru et al. 2017, Yang
et al. 2021). LARCACO2 appears to be more spe-
cialized as it has only been found in Poland: in a
breeding colony of Caspian and Yellow-legged
Gulls Larus cachinnans and Larus michahellis and
their hybrids (Zagalska-Neubauer & Bensch 2016)
and at much lower prevalences in Common Tern
Sternia hirundo and Whiskered Tern Childonias
hybrida (Wtodarczyk et al. 2022, Dubiec
et al. 2023). Of these host species, the gulls rarely
stray south of the Mediterranean basin during the
non-breeding season, and therefore transmission of
these lineages must be occurring somewhere in
Europe. Given that Leucocytozoon is almost exclu-
sively transmitted by blackflies (Valkitnas 2005,
Cerny et al. 2011), which are rarely on the wing
during winter (Ivkovi¢ et al. 2014), transmission
on the breeding grounds is most likely. Larus gulls
do not regularly breed in the vicinity of Turov, so
the presence of LARCACO2 in wader species is
unlikely to be the result of spillover events from a
more competent host species, as has been sug-
gested in other malaria-infected shorebirds (Pardal
et al. 2014, Soares et al. 2016). Therefore, it
appears probable that LARCACO02 is a more

generalist lineage with competence across the
order Charadriiformes and that the close spatial
scales in which the different shorebird species
breed to one another probably aids the transmis-
sion of this lineage across the avian community
occupying this habitat (Chakarov et al. 2021). We
discovered one newly described lineage (Plasmo-
dium GALMEDO1), which was detected in three
of the infected Great Snipe and is likely to be a
common lineage in this species. GALMEDO1
appears to be most closely related to the lineage
BSR2, differing by only two base pairs in the cyto-
chrome b fragment. BSR2 has been found in two
African passerine host species (Waldenstrom
et al. 2002, Hellgren et al. 2007). Both of these
passerine host species are sedentary, meaning that
this lineage must be transmitted in Africa. As
Great Snipe overwinter in West and Central
Africa, it is possible that GALMEDOLI is transmit-
ted on the non-breeding grounds, rather than in
Europe.

We cannot exclude that the Turov water
meadows represent a unique or rare system in
which haemosporidians are able to thrive in shore-
birds, and that low prevalence or absence are the
norm on a global scale. However, our data suggest
that this is unlikely to be the case for a number of
reasons. First, while some species were infected
with generalist lineages, species such as Great
Snipe were infected with potentially species-
specific lineages, suggesting a long period of co-
evolution between host and parasite and not
opportunistic infections by generalist lineages. Sec-
ondly, although the Turov water meadows are par-
ticularly rich in shorebird diversity and density,
the majority of breeding species have large, contin-
uous ranges that spread far beyond the bounds of
the field site (Cramp et al. 1993). Therefore, it is
likely that these lineages are geographically more
widespread. Future studies should aim to increase
sampling effort for shorebirds across their breeding
ranges, especially in temperate and freshwater
parts of their ranges, compare infection intensities
between species and sexes, and verify that trans-
mission to nestlings and juveniles is enabled by
relapses in the breeding parents.

In conclusion, we find strong evidence that
shorebird species are more susceptible to haemos-
poridian parasites than is commonly believed and
published. We theorize that sampling biases
towards individuals undergoing active migration in
many previous studies have shaped our former
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understanding of haemosporidian prevalence in
shorebirds. We further find that several of the
most common lineages detected in shorebirds
undergo active transmission during the breeding
season. Our study highlights the importance of
taking life-history stage into account when screen-
ing for or studying the effects of parasitic infec-
tions. We also highlight that, at least for vector-
borne pathogens, migratory birds may be less
important agents of spillover than previously
thought.
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Additional supporting information may be found
online in the Supporting Information section at
the end of the article.
Table S1. Host breadth of haemosporidian line-
ages discovered in shorebirds at Turov, Belarus.
Table S2. Infection status of shorebirds at
Turov, Belarus.
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