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FIGURE 3. Diversity and prevalence of Plasmodium lineages in the genus Junco. Lineages and frequency of Plasmodium in each Junco
taxon. Prevalence per locality is shown in parentheses (infected birds per total sample). Colors on the map represent the 6 Junco taxa

distributions.

each sample of juncos. BLAST searches were performed
in the MalAvi database (Bensch et al 2009) and GenBank
to identify lineages that had been described previously.
New lineages were assigned names following the MalAvi
nomenclature.

Parasite Prevalence and Diversity

Parasite prevalence per locality was determined as the
proportion of individuals infected in the total number of

Ornithology 139:1-17 © 2022 American Ornithological Society

individuals sampled, and parasite diversity was defined as
the number of different lineages in each junco taxon. To
account for differences in sample size among junco taxa,
we used the INEXT R-package to conduct an extrapola-
tion of the diversity data to a common sample size of 40.
The extrapolation was conducted with an endpoint of 40,
using 1,000 bootstrap replicates and 95% upper and lower
confidence intervals, and taxon-specific rarefaction curves
were generated to assess the completeness of the sampling.
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8 Hemosporidian diversity and prevalence in Juncos

We also calculated the Shannon diversity index using the
same parameters.

We tested the relationship between local bird diversity
and both parasite prevalence and parasite extrapolated di-
versity using linear regression in R (R Core Team 2015).
Bird diversity was calculated as the approximate number of
species potentially coexisting with juncos at each locality,
and was extracted from various published references, using
only the number of breeding and wintering species and
excluding transients and rarities. Coexistence of a given
species was assumed if its range overlapped the junco sam-
pling locality (Supplementary Material Table 1). For North
American localities we used the Birds of the World database
(Del Hoyo et al. 2018), except for localities for J. vulcani,
for which diversity data was extracted from Garrigues and
Dean (2014), and for Yellow-eyed Juncos /. p. phaeonotus,
J. p. palliatus, J. p. alticola, and J. p. fulvescens, for which
species diversity data were extracted from Howell and
Webb (1995).

Host Specificity

Lineage specificity was estimated calculating the host spec-
ificity index (S,) for each parasite lineage. Because host
specificity is not just a function of the number of species
it can infect, but also of how closely related those species
are to each other, the S index measures the phylogenetic
distinctness among host species used by a given parasite
lineage (Poulin and Mouillot 2003). We used this method
because it provides a general measure of lineage specificity,
taking into account the taxonomic distances among taxa,
yet is not as focused on data from the local avian commu-
nity at a given locality as other methods like the mean phy-
logenetic distance (MPD) (Svensson-Coelho et al. 2013),
given that our sampling was restricted to juncos. To cal-
culate the global specificity of each parasite lineage, avian
host species described by other authors were extracted
from the MalAvi database. Singleton lineages (those
appearing only in one avian host species) were excluded
from S analysis, as they could influence the results by
making the lineages seem more species-specific than they
may actually be, and more sampling effort is required to
make sure these lineages are only infecting a single host
(Moens and Pérez-Tris 2016). Parasite lineages found only
in Junco taxa had an S_ value lower than 3, and the rest
of lineages found in more than one genus had S values
higher than 3. Therefore, we considered generalist lineages
those with S values above 3.

Phylogenetic Analysis

To visualize relationships among parasite lineages detected
in juncos, we constructed haplotype networks for each
genus using a median-joining algorithm (Bandelt et al.
1999) as implemented in PopART (Leigh and Bryant 2015).

Ornithology 139:1-17 © 2022 American Ornithological Society
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In addition, to place parasite lineages found in juncos in
a broad phylogenetic context, we generated a dataset in-
cluding lineages found in this study together with all
available New World lineages deposited in MALAVI
(560 sequences for Haemoproteus, 497 sequences for
Leucocytozoon, and 666 sequences for Plasmodium). We
then constructed a phylogenetic tree for each of the 3 para-
site genera using the neighbor-joining algorithm in MEGA
X (Tamura et al. 2007) and modified in FigTree (http://
tree.bio.ed.ac.uk/software/figtree/). A sequence from
Leucocytozoon fringillinarum was used as the outgroup in
Plasmodium and Haemoproteus trees, and Plasmodium
gallinaceum was used as the outgroup in the Leucocytozoon
tree. Finally, to visualize the relationship between the
junco phylogeny and that of Haemoproteus lineages, we
generated neighbor-joining trees as above and linked them
by means of a tanglegram constructed by hand.

RESULTS

Parasite Prevalence

Out of 304 birds sampled, 178 tested positive for one or
more parasite genera, resulting in an overall prevalence
of 58.5% (Table 1). Out of the total, 126 were positive for
Haemoproteus (41.4%), 104 for Leucocytozoon (34.2%),
and 16 for Plasmodium (5.3%). Parasite prevalence varied
considerably among junco taxa: from 0% to 100% in
Haemoproteus, 2.7% to 72.4% in Leucocytozoon, and from
0% to 71.4% in Plasmodium (Table 1).

Lineage Diversity

Thirty-one Haemoproteus lineages were found among the
102 juncos of 12 taxa that tested positive for this parasite
(Table 1). Out of those 31 lineages, 20 are reported here
for the first time. Lineages CATUST10 (GenBank acces-
sion: MG726181) and JUHYEO3 (GenBank accession:
KF314764) had been detected previously in J hyemalis
individuals sampled in Alaska and California, respectively
(Oakgrove et al. 2014, Walther et al. 2016). According to
the MalAvi database, JUHYEO3 has also been recorded in
Sitta pygmaea and Sialia mexicana (Barrow et al. 2021). In
our study it was the most common lineage, detected in 29
out of 102 individuals (28.43%) in seven Junco taxa: alticola,
caniceps, dorsalis, townsendi, thurberi, pinosus, and
montanus (Figure 1). There were 17 Haemoproteus lineages
restricted to single Junco taxa. It is worth mentioning that
lineage JUNPHAO06, which appears for the first time in
this study, was detected in 5 individuals of a single taxon
(. ph. fulvescens). Taxa palliatus and caniceps showed the
highest diversity after extrapolation, and they also present
the highest Shannon indices, indicating that lineage even-
ness was greater in those juncos (Supplementary Material
Table 2).
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TABLE 2. Host specificity index (S,;) values for each parasite
haplotype detected in juncos across their range. Parasite lineages
are ordered according to increasing S, value.

Parasite genus Lineage S, value
Haemoproteus JUHYE12 1.43
JUNPHAO5 2.00
JUYHEO3 2.10
CATUST10 2.89
SETAUDO8 2.99
GYMSALO1 3.10
PIRLUDO2 3.41
SETAUD14 3.50
SPIPASO1 3.64
PACPEC02 3.83
PASILIO1 3.96
Leucocytozoon JUHYE19 1.00
JUHYE18 1.00
TUMIG12 2.57
CARCANO1 3.00
PIRLUDO3 3.25
ZOLEU02 3.27
CNEORNO1 3.66
SETCORO06 3.76
SPIPASO7 3.83
CB1 3.86
COLBF21 3.89
CATUST14 3.94
Plasmodium BT7 3.77
GASANO1 3.86
TRAED24 3.91
GEOQTRI09 3.92
SEIAURO1 3.95
WWw3 4.07
CATUSTO5 4.12

From 85 positive samples for Leucocytozoon, 25 lineages
were identified. According to the MalAvi and GenBank
databases, 12 of these lineages have not been described
previously. The lineages ZOLEU02 (GenBank accession:
MG726144.1), CB1 (GenBank accession: MG726102),
CNEORNO1 (GenBank accession: MG726148), and
TUMIG12 (GenBank accession: MG726105) were detected
in Junco hyemalis from Alaska by Galen and Witt (2014)
and Oakgrove et al. (2014). CNEORNO1 and ZOLEU02
are the most common lineages in our samples, infecting
29 birds from 9 taxa (34.11%) and 16 birds (18.82%) from
6 taxa, respectively (Figure 2). Furthermore, 10 of the
Leucocytozoon lineages were infecting single Junco taxa.

Plasmodium was rare in our samples, and only 7
lineages were detected in 15 birds of 3 junco taxa (Figure
3), 5 of them in a single junco taxon (/. s hyemalis). The
lineages GEOTRIO9 and SEIAURO1 (GenBank acces-
sion: MG726173) were already found in Junco hyemalis in
Alaska (Oakgrove et al. 2014) and Virginia (Slowinski et al.
2018). No new Plasmodium lineages were discovered.

Hemosporidian diversity and prevalence in Juncos 9

Host Specificity

Of 31 Haemoproteus lineages found in juncos, 17 were
singletons (and thus not included in this analysis), 2
(JUHYE12 and JUNPHAO5) had S, values below or equal
to 2.0 (1.43 and 2.0, respectively), and JUHYEO3 had a S
value of 2.1. The latter value means this parasite lineage
infects closely related hosts separated by small phyloge-
netic distances (Table 2), although it was recently found
to infect other bird species besides juncos. According
to the MalAvi database, these 4 lineages appear to in-
fect mostly juncos and are more specific than the rest of
lineages. JUHYEOQ3 is the most prevalent Haemoproteus
lineage in juncos, infecting 29 individuals of 7 different
taxa (50%) (Figure 4). Five other lineages (JUNPHAO4,
JUNPHAO0S8, JUNPHAOQ9, JUHYE11, and JUHYE15) were
found to differ from JUHYEO3 by only one or two base
pairs, suggesting they have derived from it recently (Figure
5A). Together, this group of closely related haplotypes is
found in 9 of the 14 Junco taxa, from the older Central
American taxa (fulvescens and alticola) to the more re-
cently diverged dark-eyed junco taxa (Figures 1 and 4).
We found 25 lineages of Leucocytozoon, of which 10 were
found only in 1 Junco taxon (and thus were excluded from
the host-specificity analysis) (Figure 2). Two of the lineages
had low S, values (S, = 1) and appeared for the first time
in this study (JUHYE19 and JUHYE18) (Table 2). The re-
maining lineages tended to be more generalist, showing
S,;p values above 2.56. Plasmodium lineages had S, values
slightly higher than those appearing in Leucocytozoon and
Haemoproteus (from 3.77 to 4.12), showing a more gener-
alist pattern (Table 2).

Phylogenetic Analysis

Haplotype networks showing relationships among para-
site lineages as well as the frequency of each lineage across
the junco range, revealed different patterns across parasite
genera (Figure 5). In Haemoproteus and Leucozytozoon,
some haplotypes are separated by long branches, whereas
others form groups of closely related haplotypes. Among
the latter, 3 cases stand out where a high-frequency
haplotype is surrounded by closely related, low frequency
haplotypes (Haemoproteus GYMSALO1 and JUHYEO3,
and Leucozytozoon CNEORNOL), a “starlike” pattern that
is typically associated with a rapid population expansion
by the high-frequency, ancestral haplotype, followed by re-
cent mutation. In contrast, the few Plasmodium lineages
sampled were found to be very divergent from each other
(Figure 5B), with a high average number of substitutions
separating them (13.8 + 6.8).

When we placed parasite lineages found in juncos in a
broad phylogenetic context using all New World lineages
previously reported in the MalAvi database, most lineages
detected in juncos showed high phylogenetic diversity

Ornithology 139:1-17 © 2022 American Ornithological Society
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FIGURE 4. Diversity and specificity of Haemoproteus lineages infecting junco taxa. Connecting lines between parasite lineages
(left) and junco lineages (right) represent confirmed infection in at least one case. Lineages inside the red box on the Haemoproteus
phylogeny (and associated red connecting lines) are those differing in just one or two base pairs from the JUHYEO3 (see also Figure 5A).
Junco taxa are ordered according to their phylogenetic relationships, as depicted by the phylogenetic tree on the right (modified from
Friis et al. 2016). Dashed branches represent those predicted or with low node support due to recent divergence.

and were spread across the phylogeny of their respective
genera, and were not found to cluster together in a single
clade (Supplementary Material Figure 1).

Local Avian Diversity and Parasite Prevalence

The total prevalence of infection was positively correlated
with the number of species in the bird community of each
junco taxon (F=15.71, P=0.002, R*=0.61). Per-genus
tests revealed a positive correlation between prevalence
and avian diversity in Haemoproteus (F = 9.16, P = 0.013,
R*=0.478; Figure 6A) and Leucocytozoon (F=20.45,
P =0.0011, R*= 0.671; Figure 6B), but not in Plasmodium
(F=0.33, P =0.57, R*= 0.032; Figure 6C). The correlation
between parasite lineage diversity and local avian diversity
was significantly positive for Haemoproteus (extrapolated
diversity: F1,1o = 5.047, P = 0.048, R? = 0.34; Shannon index:
F =290, P=0.119; R*=0.22; Figure 6D) but not for

1,10

Leucocytozoon (extrapolated diversity: FMO =2.52,P=0.14,
R?=0.20; Shannon index: F1,10: 0.22, P = 0.65, R*= 0.022;
Figure 6E), nor Plasmodium (FL10 =0.01, P =0.90,

R?=0.001; Shannon index: F1,1o =0.01,P =0.92,R*=0.001;
Figure 6F). Although correlations in Leucocytozoon tend to
be positive (Figure 6E), they were not significant due to the
diversity of pontilis and townsendi, which despite living
in low avian richness habitats, presented high parasite di-
versity. If these isolated Baja California populations were

excluded, results were also positively correlated with local

Ornithology 139:1-17 © 2022 American Ornithological Society

avian species richness (extrapolated diversity: F, = 38.89,
P =0.00, R?>=0.81; Shannon index: F1,9 = 14.87, P = 0.00;
R?=0.623). As can be seen on the graphs (Figure 6), most
of these correlations are partly affected by a bimodal pat-
tern of species richness, which results in the segregation of
data points at opposite extremes of the regression line. This
is mainly caused by the fact that juncos at lower latitudes
tend to occupy high-elevation habitats, where species rich-
ness is low, so that correlation results must be interpreted
with caution. Rarefaction curves for haemosporidian di-
versity in most junco taxa failed to reach an asymptote,
suggesting that additional sampling will be necessary to
properly document the existing haemosporidian diversity
in the genus (Supplementary Material Figure 2).

DISCUSSION

Our results represent a first attempt at documenting
the distribution of haemosporidian parasites across the
range of the genus Junco, which spans Central and North
America. In our study, haemosporidian prevalence and
diversity in the genus Junco did not follow a standard
latitudinal diversity gradient (greater diversity near the
equator) as described in previous studies (Fecchio et al.
2019). Instead, we found greater parasite diversity and
abundance at higher latitudes. This is likely due to the fact
that at tropical latitudes juncos are restricted to very high
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FIGURE 5. Phylogenetic relationships among haemosporidian lineages found in juncos sampled across their range. Median-joining
networks of Haemoproteus (A), Plasmodium (B), and Leucocytozoon lineages (C), where circles represent parasite lineages (individually
labeled), the size of the circle is proportional to the lineage’s frequency in the sample, and small black dots represent unsampled or
extinct haplotypes. Branches correspond to a single nucleotide change, and numbers indicate the number of changes if more than
one. Colors correspond to the different junco taxa where the parasites were detected, as shown in the legend.

elevations, where avian diversity is low, whereas at higher
latitudes they can occupy lower elevations where the avian
community is richer. Another factor that may contribute
to the low diversity of parasites in the Central American
taxa (vulcani, alticola, and fulvescens) is the fact that the
high-elevation junco populations are small and highly iso-
lated, and have suffered population bottlenecks that have
purged genetic diversity (Mild et al. 2007, Friis et al. 2016),
which may have contributed to the loss of parasite lineages
as well. Analysis of haemosporidian diversity and preva-
lence in high-elevation tropical habitats at the avian com-
munity level will be necessary to disentangle the ecological
underpinnings of host—parasite dynamics there.

Many lineages found in juncos were also found in other
bird species, suggesting they may have been acquired by
host shifts from the bird community to juncos (Barker
1991, Bensch et al. 2000, Ricklefs and Fallon 2002). Yet an
interesting finding from our study is that a small group
of Haemoproteus lineages including JUHYEO3 and its
close relatives, were found to be present across the junco
range, from the old and divergent Central American taxa

(fulvescens and alticola) to the more recently diverged ones
in North America, with JUHYEO3 remaining unchanged
through the diversification of the genus Junco. The high
prevalence of JUHYEO3 in juncos and the apparent low in-
cidence in other bird species (at least in North America and
as determined from records in public databases), suggests
that this lineage could be a junco specialist that colonized
North America as juncos diversified across the continent.
Being specific to a host or a group of closely related hosts,
can have some benefits such as higher fitness in the hosts
that they exploit, and higher ability to face changes in host
defense as parasites adapt to their immune system (Poulin
and Mouillot 2004, Beadell et al. 2009). Our preliminary
data suggest that this group of parasite lineages may have
remained largely specialized in juncos as new junco spe-
cies evolved, in spite of the broad range of latitudes,
altitudes, and habitat types colonized by juncos within
the last 18,000 years. Moreover, the star-like phylogenetic
pattern shown by JUHYEO3 and its close relatives in the
phylogenetic network, with JUHYEO3 occupying a central
position, surrounded by low-frequency lineages of recent

Ornithology 139:1-17 © 2022 American Ornithological Society
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FIGURE 6. Relationship between parasite prevalence and extrapolated parasite diversity and local avian species diversity. Shown
are linear regressions between the number of bird species in the local community and Haemoproteus prevalence (A), Leucocytozoon
prevalence (B), Plasmodium prevalence (C), Haemoproteus extrapolated diversity (D), Leucocytozoon extrapolated diversity (E), and
Plasmodium extrapolated diversity (F). Leucocytozoon extrapolated diversity statistics excluding Baja California juncos are as follows:
F,,=38.48, P =0.001, R?= 0.790. Dotted lines correspond to 95% confidence intervals.

origin, suggests that the parasite itself may have diversified
within the junco host, an evolutionary phenomenon that
has been previously reported in blackcaps (Pérez-Tris et al.
2007), although further sampling will be necessary to con-
firm this hypothesis.

The apparent absence of JUHYEO3 in central and
northern Mexico (palliatus and phaeonotus) could be
due to the relatively dry habitats there, which could lead
to lower fitness in the parasite or its vector, although ad-
ditional sampling would be necessary to confirm this. An
alternative explanation for the presence of JUHYEO3 in
both old and young junco lineages is that this parasite un-
derwent an independent recent expansion across the con-
tinent, and that its association with juncos is not the result
of an old host—parasite relationship. However, given the

Ornithology 139:1-17 © 2022 American Ornithological Society

distances involved and the broad range of habitat types,
climatic conditions, and vector abundances across the re-
gion, such an expansion would more likely be undertaken
by a generalist parasite than an apparent specialist like
JUHYEO3, and thus we find this to be a less parsimonious
hypothesis given current data. Importantly, since we only
surveyed juncos in the field and therefore lack informa-
tion about prevalence and diversity of parasites in other
bird species at our sampling localities, our conclusions on
the apparent host-specificity of JUHYEO3 and its closely
related lineages are necessarily tentative and will re-
quire confirmation as the parasite diversity of more avian
communities is sampled.

According to presently available data, the rest of
Haemoproteus lineages found in juncos appeared to
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have a different strategy from that of JUHYEO3 and its
relatives, and infected more host species from different
avian families. The generalist strategy may be less vulner-
able to extinction, since the parasite does not depend on
a single host to survive (Beadell et al. 2009). However, a
parasite lineage may appear to be generalist and instead
have cryptic diversity, with narrower host range or with
recently evolved lineages in the process of specialization
(Stireman III 2005). Plasmodium lineages are thought to
be more generalist than Haemoproteus (Atkinson and
Van Riper III 1991) which is congruent with our results in
juncos. Plasmodium lineages in this study have higher S_
values than Haemoproteus and Leucocytozoon, and every
Plasmodium lineage found in our junco samples has been
previously described in several other bird species from
different avian families and even orders, as is the case of
BT7, which has been previously found in 4 different or-
ders (namely Passeriformes, Anseriformes, Falconiformes
and Charadriiformes) (Yohannes et al. 2009, Ramey et al.
2016, Huang et al. 2020, DeBrock et al. 2021). Regarding
Leucocytozoon, the vast majority of lineages in the pre-
sent study are known to be generalists in birds, although
it remains to be seen whether the newly described lineages
found here in juncos show the same pattern. However, two
generalist lineages were found to be widespread across
Junco taxa in contrast to Haemoproteus generalist lineages,
which were found only in a few hosts. As described in
other studies (Beadell et al. 2009), our results suggest dif-
ferent levels of host specificity even among closely related
host lineages. These differences in host specificity could
also be due to differences in vector diversity and abun-
dance across the Junco range. The literature on avian ma-
laria is biased towards studying bird-parasite associations,
and the effect of vectors in the distribution, prevalence
and host-specificity of parasites remains poorly under-
stood (Hellgren et al. 2008, Clark et al. 2014, Ferraguti et al.
2018, Lima and Pérez-Tris 2020, Valkianas and Atkinson
2020). Some vectors have broad blood-feeding tendencies
promoting host switching in generalist parasites, while
parasites with specialized vectors tend to have narrower
host ranges, although some parasites can remain avian
generalists if their single vector has broad blood-feeding
tendencies (Njabo et al. 2011). More studies focused on the
entire bird-parasite-vector network are needed to better
understand host-specificity patterns.

Parasite Diversity and Avian Species Richness

We found that in Haemoproteus and Leucozytozoon,
parasite prevalence and diversity in juncos is positively
correlated with the species richness of the local bird com-
munity (once Baja California localities are excluded; see
Results), as shown in previous studies on other host spe-
cies (Holt et al. 2003, Hechinger and Lafferty 2005, Ellis
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et al. 2017, Jones et al. 2018, Fecchio et al. 2019). Given
that hosts are the “habitat” of parasites, a greater host
richness should lead to higher abundance and diversity
of parasites (Poulin and Morand 2000, Anderson and
Sukhdeo 2013, Fecchio et al. 2019, Williamson et al. 2019,
McNew et al. 2021). Furthermore, with higher abundance,
the ability of vectors to find hosts and transmit parasites
is increased, which in turn increases the prevalence of
the parasite. This transmission rate can be increased at
high latitudes, where many of the species are migratory
and interact with additional species in the non-breeding
grounds (Waldenstrom et al. 2002, Pérez-Tris and Bensch
2005, Altizer et al. 2011, Ricklefs et al. 2017). Our results
show a higher prevalence of Haemoproteus parasites at
lower elevations with a noticeable higher number of bird
species in the communities. Furthermore, our results also
show an increase of total parasite diversity, Haemoproteus
diversity and Leucocytozoon diversity when host spe-
cies richness increases. This phenomenon can be partly
explained by the specialization of parasites. As some par-
asite lineages tend to specialize on one or a few host spe-
cies (trade-off hypothesis; Futuyma and Moreno 1988,
Lima and Bensch 2014), a higher number of host species
could result in a higher number of specialized lineages,
thus driving up parasite diversity (Anderson and Sukhdeo
2013, Hechinger and Lafferty 2005).

Overall, our study provides a first attempt at describing
haemosporidian diversity in a single bird genus across a
broad geographic region. We document patterns of para-
site diversity and prevalence across junco taxa, and provide
evidence for the effect of local bird diversity in shaping the
parasite community. In addition to the biotic conditions
affecting haemosporidian ranges, abiotic factors such as
temperature and precipitation can play an important role
as well (Zamora-Vilchis et al. 2012, Harrigan et al. 2014,
Padilla et al. 2017, Barrow et al. 2019, Williamson et al.
2019, Fecchio et al. 2020, McNew et al. 2021, ), and have
not been taken into account here as it would require ad-
ditional sampling that is beyond the scope of our surveys
to date. However, we are confident that our publicly avail-
able data on prevalence will be useful in future analyses
that take into account environmental variables at large ge-
ographic scales. Also, given the small sample sizes from
some localities, and the fact that we only captured and
sampled juncos at any given locality, and not the avian
community at large, results must be interpreted with cau-
tion. Larger sample sizes and samples from a larger pro-
portion of species in the local avian community will be
necessary to confirm some of our conclusions, particularly
those regarding host specificity. Our study underscores the
importance and utility of public repositories of genetic in-
formation such as MalAvi and GenBank, yet proper geo-
graphic and species sampling will be essential in further
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advancing our understanding of host—parasite dynamics in
avian communities.
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Supplementary material is available at Ornithology online.
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