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Parasite range expansions are a direct consequence of globalization and are
an increasing threat to biodiversity. Here, we report a recent range expansion
of the SGS1 strain of a highly invasive parasite, Plasmodium relictum, to two
non-migratory passerines in North America. Plasmodium relictum is con-
sidered one of the world’s most invasive parasites and causes the disease
avian malaria: this is the first reported case of SGS1 in wild non-migratory
birds on the continent. Using a long-term database where researchers
report avian malaria parasite infections, we summarized our current under-
standing of the geographical range of SGS1 and its known hosts. We also
identified the most likely geographical region of this introduction event
using the MSP1 allele. We hypothesize that this introduction resulted from
movements of captive birds and subsequent spillover to native bird popu-
lations, via the presence of competent vectors and ecological fitting.
Further work should be conducted to determine the extent to which SGS1
has spread following its introduction in North America.
1. Introduction
Specialization is considered a driving force that shapes parasite diversity [1–4].
The cospeciation of parasites with hosts is considered specialization and results
in congruent host–parasite phylogenies, but specialization may still occur when
parasites undergo range expansions involving the infection of new hosts, where
shared host traits are accessed by parasites [5,6]. This concept, ecological fitting,
may explain the occurrence of parasite range expansions and ecological
invasions, even when parasites exhibit some form of specialization [6,7]. For
example, ecological fitting can explain ecological invasions by parasites such
as Philornis downsi, a fly introduced to the Galápagos Islands whose larvae
feed on the blood of bird nestlings [8]; the lung fluke Haematoloechus floedae
that was likely introduced to Costa Rica by infected bullfrogs and subsequently
expanded its range to include native leopard frogs [6]; and Plasmodium relictum,
an avian malaria-causing protozoan that was introduced to the Hawaiian
Islands and subsequently expanded its range to include endemic birds [9].
Each of these parasite invasions occurred through some form of shared traits
and/or resources across host species and their geographical range (e.g. the
presence of bird nestlings for Ph. downsi larvae to feed on [8], aquatic environ-
ments with a suitable snail and dragonfly nymph for the completion of
H. floedae’s life cycle [1], and a sustaining population of competent insect
vectors to transmit Pl. relictum [10]). While ecological fitting does not
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Figure 1. The presence of SGS1 in our focal species is shaped, in part, by the
presence of vectors (a). We only observed SGS1 infections in chickadees that
we sampled in Boulder, and at elevations below 1700 m (b). While SGS1 is a
generalist parasite that can infect multiple avian host species, it is specialized
in the sense that it requires a competent insect vector that transmits spor-
ozoites that infect avian hosts. We show a brief schematic of this cycle in (a)
but note that we have not confirmed that SGS1 is able to complete its life-
cycle in chickadee hosts. Broadly our sampling locations can be divided into
three field sites spanning an elevation gain of approximately 1500 m along
an urban–rural gradient shown in (b). We hypothesize that SGS1 was found
only at our lowest elevation field site because the common SGS1 vector, Culex
pipiens, only occurs at elevations below 1700 m in the Colorado Front Range.
To our knowledge, C. pipiens is the only mosquito species in the Colorado
Front Range that can act as a vector for SGS1. Its presence at lower elevations
is shaped by the availability of peridomestic breeding sites. The combination
of both competent and accessible vector and avian hosts underlies this range
expansion.
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imply a lack of coevolution between hosts and parasites, it
does help to explain the preponderance of parasite range
expansions and invasions.

Avian malaria is a wildlife disease caused by infections
with Plasmodium parasites that infect birds [11]. Plasmodium
parasites have an obligate relationship with the mosquito
vector in which they sexually reproduce, but they infect
birds during the asexual portion of their lifecycle (figure 1a).
Birds with avian malaria may show signs of lethargy, loss of
appetite, reduced haematocrit, and in extreme cases, paralysis,
convulsions and death [11]. This disease is often observed in
bird species that are infected by Plasmodium parasites from
a recent range expansion event [12]. For example, the
Pl. relictum strain GRW4 was introduced to the Hawaiian
islands in the late nineteenth century, and subsequent avian
malaria infections have been described as a driver of extinction
for many endemic Hawaiian bird species [10,12,13]. The geo-
graphical and host specificity of avian malaria parasites is
complex [14,15], but some highly invasive strains of Pl. relic-
tum appear to easily infect new avian hosts and it is now
considered one of the world’s most invasive species [16–18].

We documented SGS1, a strain of Pl. relictum, in two novel
host species of North American songbird, the black-capped
(Poecile atricapillus) and mountain (Poecile gambeli) chickadee
that we sampled in Boulder county, Colorado. SGS1 is a
generalist parasite that has been reported infecting numerous
bird species of the Eastern Hemisphere and eight mosquito
vector species [17–19]. Conversely, SGS1 has rarely been
reported infecting Western Hemisphere birds despite a
number of studies with large sampling efforts (e.g. [20–23]).
To our knowledge, there has been only one previous report
of SGS1 in wild birds of North America—an infection docu-
mented in a single migratory tree swallow (Tachycineta
bicolor) out of 1562 screened birds that were sampled in
southern Québec, Canada [23]. Additionally, we conducted a
geographical survey of the known range for SGS1 (figure 2)
and we compiled reports of SGS1 infections among avian
families (table 1). We distinguished between avian families
where these infections have been reported in captive hosts
and wild hosts because avian malaria outbreaks have
been shown to occur among birds in captivity, and these out-
breaks correlate with bird mortalities, thereby warranting the
need for further documentation [26]. Finally, the merozoite
surface protein 1 (MSP1) for Pl. relictum has been shown to
exhibit geographical specificity [17]. We, therefore, amplified
a region of the MSP1 gene for the SGS1 parasites that we
identified in Colorado chickadees to predict its most likely
geographical origin.
2. Methods
Between the years 2017 and 2020, we collected blood samples
from 68 mountain and 111 black-capped chickadees that we
captured either by hand or using mist-nets in Boulder County,
Colorado. Birds were sampled along an approximately 1500 m
elevation gradient at three broad sites (figure 1b). All birds
were bled from the brachial vein using a 27-gauge needle and
samples were stored in a 1% lysis buffer. After conducting a
DNA salt-based extraction from chickadee blood samples, we
first screened every chickadee for Plasmodium infection using pri-
mers HAEMNF1 and HAEMNR3, followed by the nested set of
primers HAEMF and HAEMR2 that screen for both Plasmodium
and Haemoproteus infections [27]. We ran PCRs in three separate
batches based on year. The laboratory space where these screens
took place has not been used to screen any European Hemi-
sphere birds for Plasmodium parasites and chickadees were not
tested with any other bird species. We screened every chickadee
twice for the presence of infection and all samples that tested
positive for infection were Sanger sequenced. All chickadees
that tested positive for SGS1 infection were further screened
twice and subsequently sequenced using the Plasmodium-specific
cytb primers 983R and 621F [28]. Sequencing for all resulting
PCRs was bidirectional. We aligned all resulting Plasmodium
cytb sequences from the HAEMF and HAEMR2 primers to the
MalAvi database, a repository for avian malaria data, using the
BLAST algorithm where a 100% match indicated infection with
SGS1 [19]. We used the same approach for sequences resulting
from the 983R and 621F primers but using the NCBI database.

We retrieved all 504 reports of SGS1 that have been submitted
to the MalAvi database (retrieved March 2021) in addition to the
two reports of SGS1 infection data that we describe here––one
for each chickadee species in our study. These data are available
in the ‘hosts and sites’ datasheet through the MalAvi website
[19]. We did not include eight reports by Marzal et al. [29] that
described SGS1 infections in South American birds because
these reports still need to be verified to remove doubts of
sample contamination [29,30]. In total, we used 498 reports on
SGS1 infections for our study. To characterize the geographical
distribution of SGS1, we used the available location information
for all reports, but we excluded 23 reports as they were focused
on captive birds. Of the remaining reports, 118 lacked GPS infor-
mation, resulting in 357 reports that we used to map our current
understanding of the global range of SGS1 (figure 2). We further



Figure 2. Our current understanding of the global range of SGS1. This map was generated using 357 SGS1 reports that had corresponding GPS data in addition to
our observations of SGS1 infecting black-capped (Po. atricapillus) and mountain (Po. gambeli) chickadees in Boulder, Colorado (indicated by the star). Points are
semi-translucent, and they overlap in some locations. This map was generated using the ggplot2 R package [24,25].
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compiled the reports of SGS1 infection for each avian family using

the ‘hosts and sites’ dataset (table 1). We included all 498 reports
for both captive and wild-caught birds and we obtained total
prevalence data for each family by dividing the total number of
reported infections by the total number of birds tested. Some
reports lacked information on sample sizewhich will affect preva-
lence data. We, therefore, listed the number of these reports for
each avian family (table 1).

To determine the geographical origin of Colorado SGS1 infec-
tions, we used an additional nested PCR protocol to amplify the
MSP1 allele for the three SGS1 infected chickadees in our study.
We used the outside primers MSP1–3F and MSP1–3R, followed
by the nested primers MSP1–3FN and MSP1–3RN, as described
by Hellgren et al. [17], to amplify and subsequently Sanger-
sequence this region. We then aligned the resulting sequences
to the NCBI database using the blast algorithm. The alignment
was further compared with all described MSP1 alleles and
associated locations byHellgren et al. [17] (summarized in table 2).
3. Results
We identified two mountain and one black-capped chickadee
with SGS1 infections out of 179 birds sampled. Overall, we
identified one chickadee infected with SGS1 during each
year across a 3-year timespan of our study. Infections with
SGS1 only occurred in chickadees sampled in the city of
Boulder (figure 1b), which is our lowest elevation and most
urban field site, at an overall prevalence of less than 1%
(black-capped chickadees) and approximately 13% (mountain
chickadees). Additionally, we successfully amplified a region
of the MSP1 allele, and comparisons with the previously
described geographical distributions of MSP1 alleles indicated
a 100% alignment with the Pr2 variant. Broadly, these results
suggest that the SGS1 infecting Colorado chickadees have
origins in Europe (table 2, [17]).

Building on the previous survey conducted by Hellgren
et al. [17], SGS1 is a globally invasive parasite and the highest
density of reported cases are in Southern Europe (figure 2).
Avianmalaria sampling disparities exist, however, particularly
when comparing reports in Europe with other continents.
Figure 2 represents our best current understanding of the
range of SGS1, which will change with additional sampling.
Our comparison of infections among avian families indicates
that SGS1 has been identified in 132 bird species across 32
avian families. Our findings indicate that, by a large margin,
SGS1 is most abundantly reported in the avian families Passer-
idae and Paridae (table 1). Chickadees are among other bird
species in the Paridae family that experience SGS1 infections.
Further, of the genus Poecile—SGS1 has also been reported
infecting willow tits sampled in China (Poecile montanus) and
marsh tits (Poecile palustris) in Sweden [31,32].
4. Discussion
Here, we report a recent range expansion of the SGS1 strain of
the avian malaria parasite, Pl. relictum into two wild, non-
migratory bird species in North America. We hypothesize
that this range expansion resulted from ecological fitting
that was promoted in part by the presence of vectors capable
of transmitting the parasite. This would explain why we only
observed SGS1 infections in Boulder––it is likely our only
field site that has vectors capable of transmitting SGS1
(figure 1a; none of the 72 birds that we sampled at elevations
exceeding 1700 m tested positive for SGS1). Currently, there
are eight mosquito species known to transmit Pl. relictum
(see MalAvi database ‘vector table’). One of these vectors,
Culex pipiens, occurs commonly along the Colorado Front
Range, but a previous survey showed that it does not occur
above the foothills (elevation > 1700 m) [33]. None of the
other eight vector species are known to have sustaining
populations in the Colorado Front Range (Vector and Disease
Control International 2021, personal communication). Our
other field sites are above the foothills, in montane habitats
that exceed the known elevation range of C. pipiens. Because
chickadees typically only disperse once during the juvenile
phase of their lives, the malaria parasite infections that they
harbour are likely indicative of their current surrounding
habitat, rather than a carryover from their natal habitat [34].

Ecological fitting in this system could also be facilitated by
the presence of introduced house sparrows (Passer domesticus)
that overlap in range with native birds throughout North
America. House sparrows are native to Europe and Northern
Africa and were first released in the USA by the Brooklyn
Institute in 1851 in Brooklyn, New York [35]. The ability of
house sparrows to succeed in urban environments, followed
by subsequent introductions, has resulted in their range



Table 1. Reports of SGS1 infections were retrieved from the MalAvi database and summarized by avian family. ‘Total tested’ indicates the sum of all individuals
for each family that has been tested for SGS1 infection and ‘total infected’ refers to the sum of all SGS1 infections per family. We calculated prevalence by
dividing entries in the ‘total infected’ column by entries in the ‘total tested’ column for each avian family. The number of reports for each family is indicated in
‘total reports’. We also show the number of reports lacking complete sampling data (given that this will impact our prevalence calculation) and we indicate
reports involving captive birds since there are notable disparities of studies involving captive birds between avian families. Chickadees are members of the
Paridae family, and this avian family is indicated with an asterisk.

avian family
total
tested

total
infected

total
prevalence

total
reports

reports with incomplete
sampling information

reports including
captive birds

Alaudidae 434 52 12.0 2 0 0

Alcidae N/A N/A N/A 1 1 1

Anatidae 28 3 10.7 3 0 1

Ardeidae 13 1 7.69 2 1 1

Certhiidae 98 19 19.4 13 0 0

Ciconiidae 15 1 6.67 1 1 0

Columbidae N/A N/A N/A 1 1 0

Corvidae 255 73 28.6 15 4 0

Cracticidae 6 1 16.7 1 0 0

Estrildidae 56 1 1.79 2 1 0

Fringillidae 803 89 11.1 49 10 2

Gruidae N/A N/A N/A 5 5 5

Hirundinidae 2480 65 2.62 8 1 0

Laniidae 9 2 22.2 1 0 0

Laridae 148 22 14.9 4 0 1

Motacillidae 92 1 1.09 2 1 0

Muscicapidae 3955 56 1.41 33 5 0

Paridae* 5701 1105 19.4 95 11 0

Passeridae 6056 1268 20.9 124 5 0

Phasianidae 52 7 13.5 4 2 4

Ploceidae 603 8 1.33 5 0 0

Procellariidae 28 1 3.57 1 0 0

Pycnonotidae 39 6 15.4 3 1 2

Recurvirostridae 7 1 14.3 1 0 0

Scolopacidae 85 1 1.18 1 0 0

Sittidae 19 6 31.6 1 0 0

Spheniscidae 64 7 10.9 3 2 3

Strigidae 6 2 33.3 4 2 1

Sturnidae 216 3 1.39 7 4 2

Sylviidae 4046 341 8.43 85 19 0

Turdidae 543 42 7.73 21 4 0

4

royalsocietypublishing.org/journal/rsbl
Biol.Lett.17:20210271
extending throughout North America [35,36]. House sparrows
are known to commonly exhibit infections with SGS1 in their
native range and a recent study by Dadam et al. [37] suggests
that SGS1 is correlatedwith the decline of house sparrowpopu-
lations in some towns and cities in Europe [37]. Opportunities
for spillover of SGS1 to occur in North American bird species
might be enhanced by house sparrows that can act as reservoirs
for the parasite and serve as bridges to new hosts.

Given that we found a single SGS1 infection each year,
from 2018 to 2020 in our study, the strain appears to be infect-
ing chickadees at a low prevalence. Our report of these
infections in chickadees is novel, given that previous studies
involving chickadees in other North American locations such
as Alaska (n = 1770 black-capped chickadees, [38]) and Penn-
sylvania (n = 960 hybridizing black-capped and Carolina
chickadees) did not find SGS1 infections [39]. While we
have only screened chickadees for SGS1 infections, we sus-
pect that infections are found in other local bird species. In
particular, we hypothesize that house sparrows harbour
these infections and may have promoted this range expansion
of SGS1. Interestingly, a survey by Marzal et al. [40], pub-
lished over 10 years ago on malaria parasite infections of
house sparrows, included 42 sparrows sampled in the Color-
ado Front Range and none of these birds exhibited SGS1



Table 2. Variation in the MSP1 allele can be used to broadly characterize the
phylogeography of Pl. relictum. This table is a summary of findings from
Hellgren et al. [17]. Black-capped (Po. atricapillus) and mountain (Po.
gambeli) chickadees sampled in Boulder, Colorado tested positive for the
MSP1 Pr2 variant of SGS1. Pr2 is most commonly identified in SGS1 strains
sampled from European birds.

MSP1
allele associated SGS1 population

Pr1 Kenya and Nigeria

Pr2 throughout Europe, but also observed infecting a

single bird sampled in South Africa, and Culex

pipiens sampled in Japan

Pr3 Japan

Pr7 Japan
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infections, supporting that this is a recent range expansion

[40]. Importantly, despite only a single report of SGS1 infect-
ing a wild bird in North America prior to our work,
competent vectors exist throughout North America that
transmit a different strain of Pl. relictum, GRW4, that has
been shown to infect non-migratory birds such as house spar-
rows throughout the southern parts of the USA [40]. Our
finding that the MSP1 Pr2 variant aligns completely with
the SGS1 strain that we found infecting chickadees further
supports a recent range expansion event with origins in
Europe. This is because MSP1 alleles are known to rapidly
evolve due to diversifying selection [27,41].

Concern surrounding the emergence of infectious disea-
ses has brought about a surge of interest in identifying the
ecological factors that shape parasite range expansions [42].
We hypothesize that SGS1 is able to persist in Boulder (the
lowest elevation field site where we sampled birds) by
means of ecological fitting because of the presence of compe-
tent vectors and access to avian hosts that are genetically
similar to hosts in its native range (e.g. chickadees and
house sparrows). Given the highly invasive nature of SGS1,
and the fact that many North American birds lack a coevolu-
tionary history with SGS1, its presence is concerning for
North American bird populations. We also lack an under-
standing of the extent to which SGS1 has expanded into the
Colorado Front Range and the specific circumstances under-
lying this introduction event. However, we speculate that this
range expansion may have occurred from the import of cap-
tive birds that harboured infections, followed by subsequent
spillover to local birds. This hypothesis is supported by find-
ings from Spottiswoode et al. [43], who reported 17 Inca terns,
seven penguins and a single eider duck that tested positive
for SGS1 at a New York Zoo [43]. Whether birds sampled
in Spottiswoode et al. [43] had been imported from other con-
tinents is not known, but it is likely that SGS1 came to the zoo
and established transmission among these captive birds with
its origin being from an exotic bird that was chronically
infected with SGS1. Since the house sparrow is a common
species that inhabits zoo gardens, it might be a potential
bridge for spillover events between captive and wild bird
populations.

SGS1 is clearly infecting chickadees but microscopy
methods must be conducted to verify that it is completing the
asexual portion of its lifecycle (i.e. producing gametocytes) in
this novel host. The relatively low infection prevalence that
we observed suggests that chickadeesmight not be the primary
host of SGS1 in this novel geographical region. The effects of
SGS1 on North American songbirds are also unclear, but
given its invasive nature, it is imperative that we take further
measures to document its range expansion (including other
host species), drivers and consequences.
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