peesel

doi: 10.1111/jeb.12585

JournaL ofF Evolutionary Biology

Transcontinental migratory connectivity predicts parasite
prevalence in breeding populations of the European barn swallow

J. A. C. VON RONN*, C. HARROD+$, S. BENSCH§ & J. B. W. WOLF*{

*Department of Evolutionary Genetics, Max Planck Institute of Evolutionary Biology, Plon, Germany
tSchool of Biological Sciences, Medical Biology Centre, Queen’s University Belfast, Belfast, UK

iInstituto de Ciencias Naturales Alexander Von Humboldt, Universidad de Antofagasta, Antofagasta, Chile
§Department of Biology, Lund University, Lund, Sweden

Y Department of Evolutionary Biology, Uppsala University, Uppsala, Sweden

Keywords: Abstract

Parasites exert a major impact on the eco-evolutionary dynamics of their
hosts and the associated biotic environment. Migration constitutes an
effective means for long-distance invasions of vector-borne parasites and
promotes their rapid spread. Yet, ecological and spatial information on
plasmodium; population-specific host—parasite connectivity is essentially lacking. Here, we
stable isotope; address this question in a system consisting of a transcontinental migrant
8"%c; species, the European barn swallow (Hirundo rustica) which serves as a
5"°N. vector for avian endoparasites in the genera Plasmodium, Haemoproteus
and Leucocytozoon. Using feather stable isotope ratios as geographically infor-
mative markers, we first assessed migratory connectivity in the host: North-
ern European breeding populations predominantly overwintered in dry,
savannah-like habitats in Southern Africa, whereas Southern European
populations were associated with wetland habitats in Western Central
Africa. Wintering areas of swallows breeding in Central Europe indicated a
migratory divide with both migratory programmes occurring within the
same breeding population. Subsequent genetic screens of parasites in the
breeding populations revealed a link between the host’s migratory pro-
gramme and its parasitic repertoire: controlling for effects of local breeding
location, prevalence of Africa-transmitted Plasmodium lineages was signifi-
cantly higher in individuals overwintering in the moist habitats of Western
Central Africa, even among sympatrically breeding individuals with different
overwintering locations. For the rarer Haemoproteus parasites, prevalence
was best explained by breeding location alone, whereas no clear pattern
emerged for the least abundant parasite Leucocytozoon. These results have
implications for our understanding of spatio-temporal host—parasite dynam-
ics in migratory species and the spread of avian borne diseases.

avian malaria;

avian migration;

disease ecology;
host—parasite interaction;

inbreeding dynamics (Acevedo-Whitehouse et al., 2003),

Introduction sexual selection (Moore & Wilson, 2002), speciation (Fil-

The study of host—parasite systems has a long tradition
in the evolutionary sciences (Van Valen, 1973) and con-
tinues to be an active research field today (Altizer et al.,
2011). Examples are manifold including effects on
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chak et al., 2000; Eizaguirre et al., 2009) on the host side
and rapid adaptation on the side of the parasite (Weeks
et al., 2007). Of central importance to the dynamics and
evolutionary significance of host—parasite interactions is
their spatio-temporal distribution. Yet, our knowledge
on host—parasite connectivity in a spatially explicit popu-
lation context is highly limited (Altizer et al., 2003) but
see Dodge ef al., and Hellgren et al. (2013).
Transcontinental migration constitutes an extreme form
of spatio-temporal heterogeneity where individuals cycle
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between disjunct geographical areas and heterogeneous
habitats. Every year, billions of long-distance migratory
birds are potential vectors for exchanging pathogens and
parasites between tropical areas and their temperate
breeding grounds. Migration is a main natural cause for
the rapid spread of infectious diseases across the globe
(Newton, 2008; Altizer et al., 2011) affecting not only the
host, but also its associated biotic environment with the
potential to significantly alter local evolutionary popula-
tion dynamics (Fuller ef al., 2012). To predict the expected
geographical spread and possible consequences of parasite
infections, a better understanding of the connectivity
between host and parasite populations is needed, both for
overwintering areas and breeding grounds (Webster et al.,
2002).

To investigate this question, we here consider a host—
parasite system consisting of a transcontinental migrant
host species, the barn swallow Hirundo rustica, and
arthropod-borne parasites of the genera Plasmodium, Hae-
moproteus and Leucocytozoon that during a part of the life
cycle inhabit erythrocytes of the vertebrate host (Valki-
unas, 2004). All three genera show a high degree of
genetic lineage diversity and commonly infect bird spe-
cies around the globe (Bensch ef al., 2009b; Loiseau
et al., 2012) exerting significant selection pressures (Mar-
zal et al., 2008; Knowles ef al., 2010; Asghar et al., 2011).

Barn swallows from European populations are oblig-
atory migrants and winter almost exclusively south of
the Saharan desert in Africa (Turner, 2006). Although

Migration

AP

Overwintering

explicit wintering areas of individuals from specific
breeding populations are rarely known, extensive band
recovery data suggest different wintering locations for
Northern and Southern European populations (Ambro-
sini et al., 2009). British, Scandinavian and north-east-
ern European breeding birds (hereafter referred to as
Northern) presumably overwinter in savannah-like
habitats in Southern Africa (Evans et al., 2003; Ambro-
sini et al., 2009), whereas breeding birds from Switzer-
land, Italy and Spain (hereafter Southern) overwinter
in Central and Western Africa (Fig. 1a,b) (Saino et al.,
2004; Maumary et al., 2007; Ambrosini et al., 2009). In
addition to the clear separation of Northern from
Southern populations, previous data indicate that Cen-
tral European populations show heterogeneous migra-
tion patterns (Ambrosini et al., 2009) (Fig. 1c). This
suggests the existence of a migratory divide in swal-
lows (Hobson et al., 2012a), a zone of secondary con-
tact and admixture between neighbouring populations
with divergent migratory behaviour that arose as a
possible consequence of pleistocene glaciations (New-
ton, 2008; Bensch ef al.,, 2009a). Analogous to hybrid
zones identified on the basis of other characters [e.g.
steep morphological contrasts (Hewitt, 1988; Poelstra
et al., 2014)], migratory divides constitute a natural
evolutionary experiment and are well suited to study
interactions of host and parasite populations in a
geographical context (Meller et al, 2011; Santiago-
Alarcon et al., 2011).

Fig. 1 Geographical context of barn swallow breeding and wintering ranges. (a) Breeding ranges of Southern (blue) and Northern (green)
breeding populations. The allopatric samples for this study were collected from locations in Switzerland and Sweden (Fig. S1). (b) Expected
wintering range of Southern (blue) and Northern European (green) breeding populations in Africa on the basis of banding data (Ambrosini
et al., 2009). Colour coding indicates modelled distribution of plant 6'>C stable isotope ratios, that is warmer colours illustrate higher 6'>C
values (Still & Powell, 2010). These are used to predict population-specific isotope ratios from feathers grown in Africa during the winter
(Figs S2 and S3). (c¢) Breeding range of Central European populations. Capture and recovery locations of banded birds from Germany and
Austria (dots) are connected with a line. The banding data suggests a broader, wintering range overlapping with wintering ranges from

both Northern and Southern populations (Table S1).
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In this study, we examined host—parasite connectivity
across a range of barn swallow breeding populations
including allopatric Southern and Northern populations
and populations from within the migratory divide. In a
first step, we quantified migratory connectivity of these
populations with their African overwintering locations
using a combination of banding information and stable
isotope data from feathers grown in Africa. Stable iso-
topes are powerful biomarkers for linking breeding and
wintering areas of migratory species worldwide (Hobson
& Wassenaar, 2008). They have successfully been
applied in birds [including swallows; (Hobson et al.,
2012a)] to pinpoint overwintering location (Chamber-
lain et al., 2000; Rubenstein et al., 2002; Bearhop et al.,
2005), habitat (Evans et al, 2003; Yohannes et al,
2008) and predict the position of migratory divides
(Chamberlain et al., 2000). In the swallow system,
expectations for carbon and nitrogen stable isotope
ratios (6"°C and 6'°N) can be derived by mapping ring
recovery data from overwintering locations on isotope
maps. Northern European individuals overwintering in
savannah-like habitat characterized by '*C-enriched C4
plants of Southern Africa are expected to show rela-
tively high 6'°C values, whereas Central African over-
wintering grounds used by Southern European
breeding populations should be depleted in '’C. For
5'°N, a positive correlation has been predicted for
Southern Africa (Van der Merwe et al., 1990; Szép
et al., 2009), whereas a negative correlation has been
observed for Central Africa (Bensch et al., 2006; Veen
et al., 2007).

Subsequently, we screened for prevalence and diver-
sity of haemosporidian parasite lineages and investi-
gated the poorly established link between breeding
location, overwintering habitat and intercontinental
pathogen transfer. In that we made use of the system’s
property of population divergence in migration pro-
grammes and their admixture in a Central European
migratory allowing to separate breeding-population-
specific effects on pathogen prevalence from effects
specific to the conditions in Africa. Given the large
ecological differences between Southern and Western
Central Africa, differences in parasite communities
between the two overwintering areas ought to be
expected. Notably, large differences in humidity should
affect incidence and prevalence of infection with mos-
quito-transmitted endoparasites like avian malaria and
other haemosporidian parasites (Valkiunas, 2004). We
hypothesized that populations with different wintering
areas would differ in prevalences of Africa-transmitted
parasites. For populations and individuals wintering in
humid areas of Africa, we predicted higher individual
infection risk than for those wintering in dryer areas.
No difference should be expected for parasitic lineages
where arthropod vectors and/or parasite survival
capacity are mnot restricted to the overwintering
location.
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Materials and methods

Study sites and sampling

Breeding birds were captured between May and August
in colonies at five different sites corresponding to
Northern (Sweden, nNegonies = 2), Central (Northern
Germany: Itzehoe and Greifswalder Oie ncoonies = 50)
and Southern (Southern Germany, Ngoonies = 6; SWit-
zerland, ncgonies = 10) European populations in years
2006-2009 (Fig. S1). Central colonies were chosen in
close proximity to the location of a central European
suture zone common to many species (Remington,
1968). In the absence of knowledge on the precise geo-
graphical location of the migratory divide, this consti-
tutes a good approximation consistent with the
assumption of a Pleistocene glacial origin (Moller et al.,
2011). Every colony essentially reflects a single farm,
with one exception being the small (0.54 km?) island
Greifswalder Oie (Fig. S1) located 10 km off the Ger-
man coast in the Southern Baltic Sea, which is consid-
ered a single colony. We here report the results for
joint analyses of populations (Northern: Sweden, Cen-
tral: Itzehoe, Greifswalder Oie, Southern: Switzerland,
Southern Germany, Fig. S1); the results remain qualita-
tively the same if populations are treated separately.
Every bird was individually marked and before release,
feather (adult birds: nyorthern = 50, Ncengal = 695,
Nsouthern = 89) and blood samples were collected (adult
birds: NNorthern = 50, Ncentral = 435, Nsouthern = 90; lst-
year birds: Ncentral/Greifswalder Oie — 17) Sarnple size
information by site is given in Table S2.

Stable isotope analysis

For stable isotope analysis, 5-20 small body feathers were
picked from the upper back, stored in paper envelopes in
the field and later kept in a freezer at —20 °C. European
barn swallows of the study populations undergo a com-
plete moult in their African wintering areas (Jenni &
Winkler, 1994). Feathers from the upper back are pre-
dominantly moulted between December and February in
Africa (Broekhuysen & Brown, 1963; Ginn & Melville,
1983) when migratory movements are supposedly mini-
mal and probably do not exceed an average daily forag-
ing radius of 50 km around the night roost (Oatley,
2000). Moreover, 6'°C and §'°N are inert in feather kera-
tin once feather growth has finished (Hobson & Clark,
1992). Feather stable isotope ratios are thus expected to
represent local habitat features of the overwintering hab-
itat with high confidence (Evans ef al., 2003; Moller &
Hobson, 2004). Prior to analysis, following the procedure
described by Evans ef al. (2003), single feathers were
washed in 0.5 M sodium hydroxide solution, rinsed in
distilled water and dried. Single clean feathers were
weighed (~0.5 mg) into tin cups and analysed for 6'°C
and 6'°N. Measurements of '>C and 6'°N were reported
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relative to the international standards Vienna PeeDee
Belemnite (VDPB) and AIR, respectively.

We measured four feathers from individual birds
(n=6) and calculated individual isotopic repeatability
(Lessells & Boag, 1987). Because standard errors of the
mean 6'°C and §'°N ratios of repeated measures were
very close (feather §'>C: 0.2 9%, internal laboratory
standard 0'°C: 0.1 %,) or equal (feather 6'°N: 0.3 %;
internal laboratory standard §'°N: 0.3 %,) to the stan-
dard errors of the mean 6'°C and 6'°N ratios calculated
in the same way from repeated measures of the inter-
nal laboratory standards (fish muscle tissue (Rutilus ruti-
Ius), mean 6'3C: —27.6 %, mean 6°N: 7.2 %), we
suggest that the 6'°C and 6'°N ratios of a single feather
adequately reflect the diet over the moulting season
(Evans et al., 2003).

Expected distribution of stable carbon isotope
values

Based on climate data and vegetation cover of C3 and
C4 plants, Still & Powell (2010) modelled the distribu-
tion of 6'°C values for plants across Africa. Using Arc-
GIS 7.2, we derived spatially explicit distributions of
expected plant 6'°C values for the wintering areas pre-
dicted for our study populations based on an extensive
analysis of band recovery data (Ambrosini et al., 2009).
More specifically, we superimposed the geographical
positions of ellipses numbers 1.2 and 2.1 from Figure
5b in Ambrosini ef al. (2009) on the modelled isoscape
(as in Fig. 1b) from Still & Powell (2010) to extract the
expected 6'°C values from the selected grid cells (ngiq
cells ellipsis1.2 = 3 924 396, Ngrig cells ellipsis2.1 = 2 895 727).
The European sampling sites of our Northern and
Southern study populations lay well within the corre-
sponding ellipses superimposed on Europe in the same
figure [numbers 1.2 and 2.1 in Figure 5b in Ambrosini
et al. (2009)]. We repeated the procedure for band
recovery information from Germany and Austria and
the depicted polygon in Fig. 1c (Table S1) to extract the
corresponding information for our Central European
populations (ngrid cells polygon Fig. 1c — 8 774 722) For
the calculation of the expected §'°C distributions, we
truncated the extreme ends of the raw data by the
mean carbon isotope values for C3 and C4 plants (—27
and —12 %, respectively), because these values greatly
dominated the data and were hardly represented in any
of the feather isotope samples.

Assignment of wintering grounds using stable
isotope data

We used discriminant function analysis to assign Cen-
tral European barn swallows into Northern-like, Inter-
mediate and Southern-like individuals. The §'°C and
6'°N ratios of Northern and Southern barn swallows
served hereby as learning data sets. Group-specific

posterior probabilities of assignment of larger than 90%
were used as a cut-off to assign individuals into North-
ern-like or Southern-like groups, whereas if individual
group-specific posterior probabilities were below 90%,
individuals were assigned as intermediates, that is indi-
viduals which cannot be assigned with high confidence
to either Northern-like or Southern-like groups. The
90% cut-off was chosen arbitrarily and constitutes a
good compromise for the trade-oft between sample size
and assignment precision. For the large-scale geographi-
cal assignment of individual moulting and wintering
areas, we further used a recently developed clustering
method (Hobson et al., 2012c). As an ad hoc approach,
we calculated mean population 6'°C and 8'°N ratios for
the Northern (Swedish) and Southern (Swiss) popula-
tions and used these as input data for the clustering,
separately. Although some geographical clusters show a
dispersed pattern across sub-Saharan Africa (Hobson
et al., 2012c), information from band recovery data still
allows a geographical placement; Northern barn swal-
lows largely winter south of 17°S latitude and Southern
barn swallows winter predominantly north of 17°S lati-
tude (Ambrosini et al., 2009).

Haemosporidian parasites — classification and
geographical origin

Total DNA from avian blood was extracted using a stan-
dard chloroform/isoamyl alcohol extraction method
(Sambrook & Russell, 2001). For parasite detection, we
used a nested PCR protocol (Hellgren ef al., 2004).
Amplification success was evaluated by running 2.5 pL
of the final PCR product on a 2% Agarose gel. PCR
products of positive samples were sequenced using Big-
Dye end terminator sequencing (ABI 3730). Editing
and alignment of sequences was performed using the
software sroeoir (Hall, 1999). The resulting cytochrome
b sequences were compared to data from the MalAvi
database (Bensch ef al., 2009b) and were assigned to
any of the three avian malaria genera mentioned above
(Table S2 and Fig. S4). All lineages are reported in
Table S2, and sequences from new lineages were depos-
ited in GenBank accession numbers KP696485-98.

To examine how overwintering habitat influences
rates of avian malaria transmission, considerations need
to be restricted to parasite lineages known to be trans-
mitted exclusively during the wintering season in
Africa. Information about transmission areas for most
of the Haemoproteus and Leucocytozoon lineages found is
scarce or absent (Bensch et al., 2009b) due to the fact
that they were previously unknown or only occasion-
ally observed. However, most Plasmodium lineages
detected in this study are already known from different
bird species and knowledge about their transmission
area has accumulated (Bensch et al., 2009b). Strict sub-
Saharan transmission was established as follows: we
classified a lineage as being exclusively transmitted in
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Africa (i) when it has never been recorded in juvenile
individuals of any bird species in Europe, (ii) when no
record has ever been made in any resident or migratory
bird species which do not winter in sub-Saharan Africa
and (iii) when none of the lineages was found in juve-
nile barn swallows aged up to 2 months that had never
been in Africa (n = 17). For the analysis of infection
risk with Plasmodium sp. in different wintering areas,
we restricted our analysis to lineages found in adult
birds in at least two of the three study areas (Northern,
Central, Southern) or in at least three of five study sites
(Table S2) to avoid any spurious effects of parasite spill-
over (Hellgren et al., 2009). The approach rests on the
reasonable assumption that birds are mostly infected on
the overwintering grounds rather than during the
much shorter migration period (Liechti ef al., 2014). To
test for differences in parasite prevalence according to
wintering location, we used generalized linear models
with a binomial error structure and logit link function.
All statistical analyses were conducted in R (lhaka &
Gentleman, 1996).

Results

Migratory connectivity of the host species

Estimates of stable isotope ratios from feathers grown
in Africa were used to predict overwintering habitat
and location (see Materials and methods). High repeat-
ability estimates (sensu Lessells & Boag, 1987) of both
0'3C and 6'N ratios for feathers sampled from the
same individual and year suggested that ¢'°C and 6"°N
ratios of a single feather adequately reflect the diet over
the moulting season (carbon: repeatability R = 0.99,
Fs s =397.65, P <0.001; nitrogen: repeatability
R =0.77, Fs,5 = 14.68, P < 0.001). Significant autocor-
relation across multiple years further indicated that
individuals returned to locations in similar isoscapes

(Nindividuals = 80, carbon: R = 0.85, Fy9 112 = 14.97,
P <0.001; nitrogen: R=048, F;, 111=3.18,
P <0.001).

Observed 6'°C values of individuals from Northern
breeding population were significantly higher (enriched
in ’C) than those from Southern European popula-
tions (Fig. 2, Welch’s f-test: t= —9.01, d.f. =77.14,
P < 0.001) which suggests migration to more savannah-
like overwintering areas for Northern European birds
and more humid locations for Southern European
birds. We also found significant correlations between
expected and observed distributions (see Materials and
methods) of §'>C from both samples from Northern
(n =50, Tpearson = 0.65, P =0.019) and Southern
breeding areas (7 = 89, Tpearson = 0.92, P < 0.001, Fig.
S3b). Interarea correlations serving as a control nega-
tive were nonsignificant (Southerng,, vs. Northerng,:
I'pearson = —0.52, P = 0.083, Northern.,, vs. Southern,:
= —0.28, P = 0.404) suggesting that §'>C ratios

Tpearson
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Fig. 2 Observed distributions of §'>C stable isotope ratios from
feathers moulted in the wintering area of individuals from
Southern (top), Central (middle) and Northern (bottom) breeding
locations in Europe. For expected distributions, see Fig. S3.

serve as a reliable indicator for habitat use and for geo-
graphically where in Africa an individual bird can be
found in the winter. This observation falls square
within the expectations derived from ring recovery data
(Fig. 1a,b).

It has further been suggested that not only single sta-
ble isotope ratios, but correlations between 6'°C and
0'°N ratios show discrete geographical patterning across
Africa: positive correlations being common in Southern
African regions and negative correlations further North
(see Discussion). The swallow isotopic data recaptured
this pattern (Fig. 3). Northern European birds that
overwinter in Southern Africa showed a positive
correlation between carbon and nitrogen (17 = 50,
I'pearson = 0.45, P < 0.001). Birds from Southern breed-
ing grounds that overwinter in Central Africa showed a
negative correlation (n =89, T'pearson = —0.47,
P < 0.001). Using the method of Hobson et al. (2012c¢)
with population level mean ¢'>C and 6'°N ratios,
breeding birds from Northern Europe were placed with
high probabilities into Southern Africa (cluster 2-2,
Table S3) and Southern European breeding birds into
‘“Western Central Africa” (cluster 2-3, see Table S3),
respectively. These results, together with high repeat-
ability estimates of both 6'°C and 6'°N led us to con-
clude that 6'>C and 6'°N ratios provide a solid proxy
for in which habitat and geographical area an individ-
ual can be found during the course of several years.
Barn swallows from Northern European breeding areas
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Fig. 3 : Relationship between carbon (8'>C) and nitrogen (3'°N)
stable isotope ratios from feathers grown in the African
overwintering habitat. Northern European populations (green
dots) migrating to Southern Africa show a positive correlation, and
Southern European populations (blue dots) show a negative
correlation. Feather samples from within the migratory divide in
Central European populations span the entire range and can be
classified into Northern-like (green ‘n’), Southern-like (blue ‘s’)
and Intermediate (grey ‘i’).

appear to spend the winter predominantly in dry areas
in Southern Africa, Southern European birds in wet
Central Africa.

In contrast to Northern and Southern European
breeding populations, band recovery data from geo-
graphically intermediate populations in Central Europe
suggest that individuals use the whole range of Central-
Western to Southern African wintering locations
(Fig. 1c). This scattered overwintering area was
reflected in 6'°C and 6'°N ratios spanning the whole
range of values observed in Southern and Northern
populations combined (Fig. la—c). We observed an
intriguing bimodal distribution of §'>C values with
peaks corresponding to 6'°C values recorded from
Northern and Southern breeding populations (Fig. 2).
Again, expected distributions inferred on the basis of
banding data (see Fig. 1c) and observed §'°C values
were strongly correlated (17 = 695, Tpearson = 0.70,
P =0.004, Fig. S3b). Notably, the correlation was
almost identical for two relatively distant (290 km)
German populations located at similar latitude
(Fig. S3b).

Breeding birds from the Central European populations
further showed an expected composite pattern for the
covariance of ¢'>C and 6'°N ratios indicated by the U-
shaped curve in Fig. 3. On either side of the (local) mini-
mum, the respective correlations observed for Southern
and Northern breeding populations were found (Fig. 3;
positive correlation on the right side of the minima:
Ipearson = 0.42, t = 8.55, d.f. = 348, P < 0.001; and nega-

tive correlation on the left side of the minima:
Ipearson = —0.43, £ = —8.76, d.I. = 339, P < 0.001). Using
the discrete signatures of the allopatric Southern and
Northern breeding populations as the learning data sets in
a discriminant function analysis, we subsequently classi-
fied breeding birds from the Central breeding grounds in
Northern Germany into ‘Southern-like (s)’, ‘Northern-
like (n)” and ‘Intermediates (i)’ (Fig. 3). This division was
supported by the clustering approach developed by Hob-
son et al. (2012¢) (Table S3).

Avian malaria and related parasites in the barn
swallow

Screening blood samples of 575 adult swallows for avian
malarial parasites, we detected 27 mitochondrial cyto-
chrome b lineages from the three genera Plasmodium
(n =9), Haemoproteus (n =9) and Leucocytozoon (n = 9)
(Table S2 and Fig. S4). Most Plasmodium lineages could
be attributed to already known isolates from different
host species (7/9 known), whereas most lineages belong-
ing to Haemoproteus (4/9 known) and Leucocytozoon (2/9
known) were previously unknown (Bensch et al.,
2009b). The most commonly observed lineages belong to
Plasmodium sp. (overall prevalence 12.2%), whereas Hae-
moproteus sp. (3.8%) and Leucocytozoon sp. (2.4%) were
far less prevalent. For 5 Plasmodium lineages, exclusive
African transmission could be established with high con-
fidence (Table S2, see Materials and methods). We did
not find any infections with avian malaria or related par-
asites in 1st-year birds (n = 17).

Influence of overwintering range on parasite
prevalences

To investigate potential differences in parasite connec-
tivity, we first used the Northern and Southern breed-
ing populations to test for differences in prevalence of
avian malaria parasites. Prevalence of Plasmodium
parasites exclusively transmitted in Africa was signifi-
cantly higher in birds of Southern European origin that
overwinter in moist areas than in Northern European
birds that overwintered in dryer Southern Africa over
winter (Fig. 4a, Table 1). The pattern observed in the
Northern and Southern populations was confirmed in
the populations from Central Europe where local effects
in the breeding populations can be excluded: individu-
als from Central German populations with lower §'C
values had a significantly higher probability of being
infected than individuals that showed higher §'°C val-
ues (Fig. 4b, Plasmodium: GLM: y* =13.76, d.f. =1,
Pcarbon < 0.001). No such pattern was detected for nei-
ther Haemoproteus nor Leucocytozoon parasites (GLM:
¥ =0.21/0, d.f. =1/1, Pecarbon = 0.647/0.993, respec-
tively, Table 1 and Fig. S5). Prevalence of Africa-trans-
mitted parasites was highest in Southern-like
individuals, intermediate in those individuals that could
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overwinter in moist Central Africa, of Northern (N, n = 50) populations in dry Southern Africa (compare Figs 1-3). Individuals from
intermediate Central German populations are classified by their carbon and nitrogen stable isotope ratios into Northern-like (N-like,

n = 144), Southern-like (S-like, 7 = 38) or intermediate (7 = 201). Lower d'>C ratios are indicative of moister, C3-plant dominated
wintering areas, whereas higher 6'°C ratios are hint towards a dryer, savannah-like wintering area.

Table 1 Comparison of endoparasite prevalence between allopatric Northern (N) and Southern (S) European breeding populations and
between individuals of the sympatric Central European breeding population that are classified by their putative overwintering habitat into
Northern-like (N-like), intermediate (Int) and Southern-like (S-like) (cf. Figs 1 and 3). The direction of effect sizes is indicated by symbols
(<, = >). Statistical values of the logistic regression (y>-statistic, degrees of freedom and type I error probabilities) are given below.

Parasite genera

Allopatric Northern vs. Southern Europe

Sympatric N-like, intermediate, S-like

Europe or Africa transmitted Haemoproteus spp. N>S N-like = Int = S-like
%% =5.3818, d.f. = 1, P = 0.020 %?=0.450, d.f.=2, P = 0.798
Leucocytozoon spp. N=S8 N-like < Int > S-like
%% =0.2374,df. =1, P =0.633 y?=8.373,d.f. =2, P=0015
Exclusively Africa transmitted Plasmodium spp. N<S N-like < Int < S-like

v %=5.3284, d.f. = 1, P = 0.021

x 2 =13.406, d.f. = 2, P = 0.001

not be classified (‘i” in Fig. 3) and lowest in Northern-
like individuals (Fig. 4a, Table 1).

Transmission patterns of Haemoproteus and Leucocytozo-
on parasites showed no relationship with the overwin-
tering habitat (Table 1, Fig. S5). For Haemoproteus,
prevalence was significantly higher in swallows of
Northern origin (Table 1, Fig. S5) than in Southern
European populations. Prevalence in individuals from
Central German populations differing in overwintering
location was undistinguishable (Table 1). Prevalence of
Leucocytozoon within Central breeding birds from Ger-
many was highest in individuals with intermediate
migratory behaviour (Table 1, Fig. S5).

Discussion

In this study, we examined migratory connectivity in
the barn swallow and its implications for host—parasite
association. We provide independent evidence for high

migratory connectivity between European breeding
populations and their African overwintering grounds
and support the existence of a migratory divide in Cen-
tral Europe (Ambrosini et al, 2009; Hobson et al.,
2012a). We further characterized the endo-parasite
haemosporidian fauna, and for avian malaria parasites
disclosed the relationship between migration and host—
parasite connectivity.

Isotopes as a proxy for bird migration in a
Palearctic—Afrotropical migration system

As opportunistic aerial foragers, barn swallow feather
stable isotope values integrate general habitat character-
istics (Evans et al., 2003). In contrast to species with
small-scale micro habitat choice (Chamberlain et al.,
2000; Veen et al.,, 2007; Yohannes et al., 2008), isotopic
values reflect broad scale geographical patterns well.
Calibration of stable isotope ratios with a large number
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of band recoveries (Northern and Southern Europe:
Ambrosini et al. (2009), Central Europe: our own ring
recovery data, Appendix: Table Al) places this study in
a unique position to predict wintering location with
good accuracy. Several lines of evidence support this
conclusion: (i) repeatabilities within and among years
were high and (ii) carbon isotope profiles of disjunct
Northern and Southern breeding populations were
highly correlated with the prediction from ringing data.
Disjunct wintering areas were further reflected in a
marked bimodal distribution of birds from the migra-
tory divide with co-occurring migratory programmes
(Fig. 2). (iii) 6'>C and J'°N ratios showed a negative
correlation for Southern breeding populations and a
positive correlation for Northern breeding populations.
Importantly, birds from the migratory divide showed a
U-shaped carbon-to-nitrogen relationship including
both negative and positive correlations consistent with
a population consisting of birds using two different
overwintering areas. Such decoupling of N and C has
been observed elsewhere: positive correlations have
been reported by other wide ranging animals from
Southern Africa, for example elephants (Van der Mer-
we et al., 1990; Szép et al., 2009), whereas negative cor-
relations seem to reflect areas in West and Central
Africa (Bensch et al,, 2006; Veen et al., 2007), but see
Evans et al. (2003). These differences reflect the exis-
tence of contrasting isoscapes across the wider geo-
graphical area of Africa. Explanations for the spatial
variation in baseline 6'>C and ¢'°N values that drive
African isoscapes are diverse and include variation in
precipitation, plant community composition and cover-
age (e.g. C3 vs. C4, relative amount of agricultural
crops), the extent of nitrogen fixation and proximity to
saline environments (Heaton, 1987; Still & Powell,
2010; Wang et al, 2010). The positive correlation
between 6'°N and ¢'>C found in Southern Africa (and
northern swallows here) likely reflects a combination
of the shift in §'>C values between '*>C-depleted C3
plants (e.g. broad leaved plants of the wooded savan-
nah) and '’C-enriched C4 plants (e.g. grasses and
sedges), with the negative correlation between both
foliar ¢'>C and 6'’N and water availability (Heaton,
1987; Swap et al., 2004; Still & Powell, 2010; Wang
et al, 2010). The negative relationship between §'°N
and 0'"°C within the southern birds is less easy to
explain. As the southern birds have feather 6'>C values
< =21 %, the factors driving the pattern are likely lar-
gely restricted to those influencing C3 plants (Swap
et al., 2004). As noted above, at large spatial scales, C3
plants typically show a negative relationship in both
6'°C and ¢'°N with precipitation (Heaton, 1987; Swap
et al., 2004; Still & Powell, 2010) indicating that the
variation is not driven by a large-scale gradient of water
availability (see left-hand side of Fig. 3, where §'°C
increases, whereas 6'°N decreases). However, the sign
of the relationship between water availability and foliar

0'°N can switch under certain localized conditions, such
as in mesic areas surrounded by xeric habitats (Handley
et al,, 1999). Flanagan et al. (1997) also reported on '*C
depletion in plants from well-shaded mesic habitats
found in xeric zones. The fact that other studies have
reported a similar negative correlation between feather
0'3C and 6'"°N in West and East Africa indicates that
the region is worthy of further study in terms of under-
standing the factors driving isoscapes in the region.

Overall, the above-mentioned evidence support that
carbon and nitrogen stable isotope ratios can be used as
reliable indicators of the large-scale geographical win-
tering area of swallows in this Palearctic—Afrotropical
migration system (Evans ef al.,, 2003; Moller & Hobson,
2004).

Although the current study was interested in broad
patterns of habitat use, and how this affected transmis-
sion patterns for key parasites, future work may con-
sider the use of alternative markers of overwintering
habitat such as 6°H (Hobson et al., 2012a,b) and newly
developed spatially explicit models using a Bayesian
approach (Hobson et al., 2014; Veen et al., 2014) to fur-
ther refine overwintering location and parasite trans-
mission risk.

Avian migration, disease ecology and evolutionary
implications

The set-up of breeding populations with divergent and
mixed migratory behaviour enabled us to investigate
overwintering location effects on host population—para-
site association while excluding local breeding ground
effects. Using this approach, the study provides evi-
dence for an effect of winter location on the prevalence
of Plasmodium parasites transmitted in the wintering
area and transported into the breeding grounds. Trans-
mission of Haemoproteus and Leucocytozoon lineages was
not necessarily restricted to the overwintering habitat,
and we consequently did not find similar associations.
For Plasmodium, however, Southern breeding popula-
tions wintering in humid Central African areas were
significantly more likely to be infected and carry para-
sites into Europe than northern populations wintering
in dryer Southern African regions. Individuals from
central European populations showed a mixed signa-
ture being best explained by overwintering habitat.
Host—parasite systems spanning across migratory
divides can have interesting evolutionary implications
(see also (Dodge et al, 2013). As long as parasite trans-
mission is limited to the overwintering habitat as was
the case for the most common Plasmodium lineages
here, the divide can serve as a barrier to parasite dis-
persal and impose divergent selection regimes. These in
turn are expected to facilitate habitat specific adapta-
tions and might eventually drive ecological speciation
even in the face of gene flow (Rundle & Nosil, 2005).
Rolshausen et al. (2009), for example, suggested that
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differential migratory orientation in blackcaps Sylvia at-
tricapilla rapidly generated higher genetic and pheno-
typic divergence between sympatric migratory ‘eco-
‘types than between allopatric populations in blackcaps.
Selection pressures, however, remain uncertain: Santi-
ago-Alarcon et al. (2011) found no association between
migration route and endoparasite prevalence, but
instead suggested intraparasitic interactions patterns.
Future studies on relative fitness of migratory types in
particular with respect to parasite fauna (Moller et al.,
2004) provide interesting research avenues to follow.

Broader considerations

Information on host—parasite association and the eco-
logical conditions for interpopulation spread are impor-
tant not only from an evolutionary perspective.
Parasites such as malaria, influenza or West-Nile viruses
also have a large impact on natural ecosystem function
(Hochachka & Dhondt, 2000; LaDeau et al, 2007;
Atkinson & LaPointe, 2009), livestock farming and
human health (Altizer et al, 2011). Our findings illus-
trate the need to understand both migratory connectiv-
ity (Webster et al, 2002) and infection risk in the
wintering habitat to be able to predict parasite preva-
lence and future infection risks in the breeding areas.
Most of the detected African-transmitted Plasmodium
lineages are not host specific (Bensch et al., 2009b), as
was also the case here, and will be carried into Europe
by other long-distance migrants (Hellgren et al., 2007).
The spatial distribution of parasite influx will thus
depend on the migratory connectivity and overwinter-
ing habitat of many bird species and clearly motivates
further research in this direction. In particular, under a
scenario of increasing future temperatures across Eur-
ope (Alcamo et al, 2007), we expect a simultaneous
increase in both vectors and transmission success of
parasites (Garamszegi, 2011). Changing environmental
conditions can expand the distribution of vectors or
generate more benign conditions for the development
in already ubiquitous vectors (Loiseau et al, 2012) in
the breeding ranges. This can have far-reaching eco-
evolutionary consequences, as parasites significantly
contribute to host population dynamics including spe-
cies extinctions (Daszak et al, 2000). Integrating the
information from models on environmental change,
migratory connectivity and eco-evolutionary dynamics
of diseases and their vectors will be instrumental in
identifying zones of elevated risk and will be a neces-
sary first step to take early action.

Acknowledgments

This work would not have been possible with the gener-
ous support of D Tautz to whom we express our grati-
tude. We would further like to thank A Amann

Migration and host—parasite connectivity 543

(deceased), W Gottel, M Grliebler, D Hasselquist, J v
Hirschheydt, S Martens, M Mahler and the Verein Jord-
sand e.V. for assistance during field work. We are grate-
ful to T Bauer, O Dolnik, W Fiedler, M Groschup, L
Jenni, P Martin, M Rohlfs and R Ulrich for long-term
support. We are also indebted to W Fiedler (MPI for
Ornithology), O Geiter (Institute for Avian Research)
and U Koppen (Hiddensee Bird Ringing Scheme) for
providing data on long-distance recoveries of barn swal-
lows from Germany and Austria. J Grey provided early
access to isotope analysis that showed the potential for
this work. We are very grateful to R Powell and C Still
for providing their carbon stable isotope map of Africa.
K Hobson and S van Wilgenburg kindly provided the R-
code for running their clustering method. We benefited
from comments made by B Metzger, M Griiebler, T Day,
Y Michalakis and two anonymous reviewers on earlier
versions of the manuscript. K Fraune made the wonder-
ful swallow drawings illustrating Fig. 1. This work was
funded by the Max-Planck-Society (JR, CH, JW) and
the Centre for Animal Movement Research (CAnMove)
financed by a Linnaeus grant (349-2007-8690) from the
Swedish Research Council and Lund University (SB).
The authors declare no conflict of interest.

References

Acevedo-Whitehouse, K., Gulland, F., Greig, D. & Amos, W.
2003. Inbreeding: disease susceptibility in California sea
lions. Nature 422: 35.

Alcamo, J., Moreno, J.M., Novaky, B., Bindi, M., Corobov,
R., Devoy, R.J.N. etal. 2007. Europe. Climate change
2007: impacts, adaptation and vulnerability. contribution
of working group II to the fourth assessment report of the
intergovernmental panel on climate change. In: Climate
Change 2007: Impacts, Adaptation and Vulnerability (M.L.
Parry, O.F. Canziani, J.P. Palutikof, van der Linden P.J. &
C.E. Hanson, eds), pp. 541-580. Cambridge University
Press, Cambridge, UK.

Altizer, S., Harvell, D. & Friedle, E. 2003. Rapid evolutionary
dynamics and disease threats to biodiversity. Trends Ecol.
Evol. 18: 589-596.

Altizer, S., Bartel, R. & Han, B.A. 2011. Animal migration
and infectious disease risk. Scierce 331: 296-302.

Ambrosini, R., Moller, A.P. & Saino, N. 2009. A quantitative mea-
sure of migratory connectivity. J. Theor. Biol. 257: 203-211.

Asghar, M., Hasselquist, D. & Bensch, S. 2011. Are chronic
avian haemosporidian infections costly in wild birds? J.
Avian Biol. 42: 530-537.

Atkinson, C.T. & LaPointe, D.A. 2009. Introduced avian dis-
eases, climate change, and the future of Hawaiian honey-
creepers. J. Avian Med. Surg. 23: 53-63.

Bearhop, S., Fiedler, W., Furness, R.W., Votier, S.C., Waldron,
S., Newton, J. et al. 2005. Assortative mating as a mecha-
nism for rapid evolution of a migratory divide. Science 310:
502-504.

Bensch, S., Bengtsson, G. & Akesson, S. 2006. Patterns of sta-
ble isotope signatures in willow warbler Phylloscopus trochilus
feathers collected in Africa. J. Avian Biol. 37: 323-330.

© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 5635-546
JOURNAL OF EVOLUTIONARY BIOLOGY © 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



544 J.A.C. VON RONN ET AL.

Bensch, S., Grahn, M., Miller, N., Gay, L. & Akesson, S.
2009a. Genetic, morphological, and feather isotope variation
of migratory willow warblers show gradual divergence in a
ring. Mol. Ecol. 18: 3087-3096.

Bensch, S., Hellgren, O. & Pérez-Tris, J. 2009b. MalAvi: a pub-
lic database of malaria parasites and related haemosporidians
in avian hosts based on mitochondrial cytochrome b lin-
eages. Mol. Ecol. Resour. 9: 1353-1358.

Broekhuysen, G.J. & Brown, A.R. 1963. The moulting pattern
of European swallows, Hirundo rustica, wintering in the sur-
roundings of Cape Town, South Africa. Ardea 51: 25-43.

Chamberlain, C.P., Bensch, S., Feng, X., Akesson, S. & Anders-
son, T. 2000. Stable isotopes examined across a migratory
divide in Scandinavian willow warblers (Phylloscopus trochilus
trochilus and Phylloscopus trochilus acredula) reflect their Afri-
can winter quarters. Proc. R. Soc. Lond. B 267: 43-48.

Daszak, P., Cunningham, A.A. & Hyatt, A.D. 2000. Emerging
infectious diseases of wildlife—threats to biodiversity and
human health. Science 287: 443-449.

Dodge, M., Guers, S.L., Sekercioglu, C.H. & Sehgal, R.N. 2013.
North American transmission of Hemosporidian parasites in
the Swainson’s thrush (Catharus ustulatus), a migratory song-
bird. J. Parasitol. 99: 548-553.

Eizaguirre, C., Lenz, T.L., Traulsen, A. & Milinski, M. 2009.
Speciation accelerated and stabilized by pleiotropic major
histocompatibility complex immunogenes. Ecol. Lett. 12: 5—
12.

Evans, K.L., Waldron, S. & Bradbury, R.B. 2003. Segregation
in the African wintering ranges of English and Swiss Swal-
low Hirundo rustica populations: a stable isotope study. Bird
Study 50: 294-299.

Filchak, K.E., Roethele, J.B. & Feder, J.L. 2000. Natural selec-
tion and sympatric divergence in the apple maggot Rhagoletis
pomonella. Nature 407: 739-742.

Flanagan, L.B., Cook, C.S. & Ehleringer, J.R. 1997. Unusually
low carbon isotope ratios in plants from hanging gardens in
southern Utah. Oecologia 111: 481-489.

Fuller, T., Bensch, S., Miller, 1., Novembre, J., Pérez-Tris, J.,
Ricklefs, R.E. et al. 2012. The ecology of emerging infectious
diseases in migratory birds: an assessment of the role of cli-
mate change and priorities for future research. EcoHealth 9:
80-88.

Garamszegi, L.Z. 2011. Climate change increases the risk of
malaria in birds. Glob. Change Biol. 17: 1751-1759.

Ginn, H.B. & Melville, D.S. 1983. Moult in Birds. British Trust
for Ornithology, Thetford.

Hall, T.A. 1999. BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT. Nucleic Acids Symp. Ser. 41: 95-98.

Handley, L.L., Austin, A.T., Stewart, G.R., Robinson, D., Scrim-
geour, C.M., Raven, J.A. ef al. 1999. The 15N natural abun-
dance (015N) of ecosystem samples reflects measures of
water availability. Funct. Plant Biol. 26: 185-199.

Heaton, T.H.E. 1987. The 15 N/14 N ratios of plants in South
Africa and Namibia: relationship to climate and coastal/sal-
ine environments. Oecologia 74: 236-246.

Hellgren, O., Waldenstrom, J. & Bensch, S. 2004. A new PCR
assay for simultaneous studies of Leucocytozoon, Plasmo-
dium, and Haemoproteus from avian blood. J. Parasitol. 90:
797-802.

Hellgren, O., Waldenstrom, J., Pérez-Tris, J., Szollosi, E., Has-
selquist, D., Krizanauskiene, A. et al. 2007. Detecting shifts

of transmission areas in avian blood parasites—a phyloge-
netic approach. Mol. Ecol. 16: 1281-1290.

Hellgren, O., Pérez-Tris, J. & Bensch, S. 2009. A jack-of-all-
trades and still a master of some: prevalence and host range
in avian malaria and related blood parasites. Ecology 90:
2840-2849.

Hellgren, O., Wood, M.J., Waldenstrom, J., Hasselquist, D., Ot-
tosson, U., Stervander, M. et al. 2013. Circannual variation
in blood parasitism in a sub-Saharan migrant passerine bird,
the garden warbler. J. Evol. Biol. 26: 1047-1059.

Hewitt, G.M. 1988. Hybrid zones-natural laboratories for evo-
lutionary studies. Trends Ecol. Evol. 3: 158-167.

Hobson, K.A. & Clark, R.G. 1992. Assessing avian diets using
stable isotopes I: turnover of '>C in tissues. Condor 94: 181—
188.

Hobson, K.A. & Wassenaar, L.I. 2008. Tracking Animal Migra-
tion with Stable Isotopes. Academic Press, London.

Hobson, K.A., Moller, A.P. & Van Wilgenburg, S.L. 2012a.
A multi-isotope (013C, 015N, 02H) approach to connect-
ing European breeding and African wintering popula-
tions of barn swallow (Hirundo rustica). Anim. Migr. 1: 8-
22.

Hobson, K.A., Van Wilgenburg, S.L., Piersma, T. & Wassenaar,
L.I. 2012b. Solving a migration riddle using isoscapes: House
Martins from a Dutch village winter over West Africa. PLoS
ONE 7: €45005.

Hobson, K.A., Van Wilgenburg, S.L., Wassenaar, L.I., Powell,
R.L., Still, C.J. & Craine, J.M. 2012c. A multi-isotope (613C,
015N, 02H) feather isoscape to assign Afrotropical migrant
birds to origins. Ecosphere 3: art44.

Hobson, K.A., Wilgenburg, S.L.V., Wesolowski, T., Maziarz,
M., Bijlsma, R.G., Grendelmeier, A. et al. 2014. A Multi-Iso-
tope (02H, 613C, J15N) approach to establishing migratory
connectivity in palearctic-afrotropical migrants: an example
using wood warblers Phylloscopus sibilatrix. Acta Ornithol. 49:
57-69.

Hochachka, W.M. & Dhondt, A.A. 2000. Density-dependent
decline of host abundance resulting from a new infectious
disease. Proc. Natl. Acad. Sci. 97: 5303-5306.

Thaka, R. & Gentleman, R. 1996. R: a language for data analy-
sis and graphics. J. Comp. Graph. Stat. 5: 299-314.

Jenni, L. & Winkler, R. 1994. Moult and Ageing of European
Passerines. Academic Press, London.

Knowles, S.C.L., Palinauskas, V. & Sheldon, B.C. 2010.
Chronic malaria infections increase family inequalities
and reduce parental fitness: experimental evidence
from a wild bird population. J. Evol. Biol. 23: 557-
569.

LaDeau, S.L., Kilpatrick, A.M. & Marra, P.P. 2007. West Nile
virus emergence and large-scale declines of North American
bird populations. Nature 447: 710-713.

Lessells, C.M. & Boag, P.T. 1987. Unrepeatable repeatabilities:
a common mistake. Auk 104: 116-121.

Liechti, F., Scandarola, C., Rubolini, D., Ambrosini, R., Korn-
er-Nievergelt, F., Hahn, S. ef al. 2014. Timing of migration
and residence areas during the non-breeding period of barn
swallows Hirundo rustica in relation to sex and population. J.
Avian Biol. 45: 001-012.

Loiseau, C., Harrigan, R.J., Cornel, A.J., Guers, S.L., Dodge,
M., Marzec, T. et al. 2012. First evidence and predictions of
Plasmodium transmission in Alaskan bird populations. PLoS
ONE 7: ¢44729.

© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 5635-546
JOURNAL OF EVOLUTIONARY BIOLOGY © 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Marzal, A., Bensch, S., Reviriego, M., Balbontin, J. & de Lope,
F. 2008. Effects of malaria double infection in birds: one plus
one is not two. J. Evol. Biol. 21: 979-987.

Maumary, L., Vallotton, L. & Knaus, P. 2007. Die Vogel der
Schweiz. Schweizerische Vogelwarte, Nos Oiseaux, Montmol-
lin.

Moller, A.P. & Hobson, K.A. 2004. Heterogeneity in stable
isotope profiles predicts coexistence of populations of barn
swallows Hirundo rustica differing in morphology and
reproductive performance. Proc. R. Soc. Lond. B 271: 1355—
1362.

Moller, A.P., de Lope, F. & Saino, N. 2004. Parasitism, immunity,
and arrival date in a migratory bird, the barn swallow. Ecology
85:206-219.

Moller, A.P., Garamszegi, L.Z., Peralta-Sanchez, J. & Soler, J.J.
2011. Migratory divides and their consequences for dispersal,
population size and parasite-host interactions. J. Evol. Biol.
24: 1744-1755.

Moore, S.L. & Wilson, K. 2002. Parasites as a viability cost of
sexual selection in natural populations of mammals. Science
297: 2015-2018.

Newton, 1. 2008. The Migration Ecology of Birds. Academic Press,
London.

Oatley, T.B. 2000. Migrant European swallows Hirundo rustica
in southern Africa: a southern perspective. Ostrich 71: 205—
209.

Poelstra, J.W., Vijay, N., Bossu, C.M., Lantz, H., Ryll, B.,
Miiller, 1. ef al. 2014. The genomic landscape underlying
phenotypic integrity in the face of gene flow in crows. Sci-
ence 344: 1410-1414.

Remington, C.L. 1968. Suture-Zones of hybrid interaction
between recently joined biotas. In: Evolutionary Biology (T.
Dobzhansky, M.K. Hecht & W.C. Steere, eds), pp. 321-428.
Springer, US, USA.

Rolshausen, G., Segelbacher, G., Hobson, K.A. & Schaefer,
H.M. 2009. Contemporary evolution of reproductive isola-
tion and phenotypic divergence in sympatry along a migra-
tory divide. Curr. Biol. 19: 2097-2101.

Rubenstein, D.R., Chamberlain, C.P., Holmes, R.T., Ayres,
M.P., Waldbauer, J.R., Graves, G.R. efal. 2002. Linking
breeding and wintering ranges of a migratory songbird using
stable isotopes. Science 295: 1062—-1065.

Rundle, H.D. & Nosil, P. 2005. Ecological speciation. Ecol. Lett.
8: 336-352.

Saino, N., Szep, T., Romano, M., Rubolini, D., Spina, F. &
Moller, A.P. 2004. Ecological conditions during winter pre-
dict arrival date at the breeding quarters in a trans-Saharan
migratory bird. Ecol. Lett. 7: 21-25.

Sambrook, J. & Russell, D.W. 2001. Molecular Cloning: A Labo-
ratory Manual, 3rd edn. CSHL Press, Cold Spring, Harbor.

Santiago-Alarcon, D., Bloch, R., Rolshausen, G., Schaefer,
H.M. & Segelbacher, G. 2011. Prevalence, diversity, and
interaction patterns of avian haemosporidians in a four-year
study of blackcaps in a migratory divide. Parasitology 138:
824-835.

Still, C.J. & Powell, R.L. 2010. Continental-scale distribu-
tions of vegetation stable carbon isotope ratios. In: Iso-
scapes (J.B. West, G.J. Bowen, T.E. Dawson & K.P. Tu,
eds), pp. 179-193. Springer, Dordrecht, Heidelberg, Lon-
don, New York.

Swap, R.J., Aranibar, J.N., Dowty, P.R., Gilhooly, W.P. &
Macko, S.A. 2004. Natural abundance of 13C and 15N in C3

Migration and host—parasite connectivity 545

and C4 vegetation of southern Africa: patterns and implica-
tions. Glob. Change Biol. 10: 350-358.

Szép, T., Hobson, K.A., Vallner, J., Piper, S.E., Kovacs, B.,
Szab6, D.Z. et al. 2009. Comparison of trace element and
stable isotope approaches to the study of migratory con-
nectivity: an example using two hirundine species breed-
ing in Europe and wintering in Africa. J. Ornithol. 150:
621-636.

Turner, A.K. 2006. The Barn Swallow. T & AD Poyser, London.

Valkiunas, G. 2004. Avian Malaria Parasites and other Haemospo-
ridia. CRC Press, Boca Rotan.

Van der Merwe, N.J., Lee-Thorp, J.A., Thackeray, J.F., Hall-
Martin, A., Kruger, F.J., Coetzee, H. et al. 1990. Source-area
determination of elephant ivory by isotopic analysis. Nature
346: 744-746.

Van Valen, L. 1973. A new evolutionary law. Evol. Theory 1: 1-30.

Veen, T. Svedin, N., Forsman, J.T., Hjernquist, M.B.,
Qvarnstrom, A., Hjernquist, K.A.T. et al. 2007. Does migra-
tion of hybrids contribute to post-zygotic isolation in fly-
catchers? Proc. R. Soc. Lond. B 274: 707-712.

Veen, T. Hjernquist, M.B., Van Wilgenburg, S.L., Hobson,
K.A., Folmer, E., Font, L. ef al. 2014. Identifying the African
wintering grounds of hybrid flycatchers using a multi-iso-
tope (02H, 613C, 615N) assignment approach. PLoS ONE 9:
€98075.

Wang, L., Caylor, K.K., Villegas, J.C., Barron-Gafford, G.A.,
Breshears, D.D. & Huxman, T.E. 2010. Partitioning evapo-
transpiration across gradients of woody plant cover: assess-
ment of a stable isotope technique. Geophys. Res. Lett. 37:
L09401.

Webster, M.S., Marra, P.P., Haig, S.M., Bensch, S. & Holmes,
R.T. 2002. Links between worlds: unraveling migratory con-
nectivity. Trends Ecol. Evol. 17: 76-83.

Weeks, A.R., Turelli M., Harcombe, W.R., Reynolds, K.T. &
Hoffmann, A.A. 2007. From parasite to mutualist: rapid evo-
lution of Wolbachia in natural populations of Drosophila. PLoS
Biol. 5: el14.

Yohannes, E., Hansson, B., Lee, R.W., Waldenstrom, J.,
Westerdahl, H., Akesson, M. ef al. 2008. Isotope signa-
tures in winter moulted feathers predict malaria
prevalence in a breeding avian host. Oecologia 158: 299—
306.

Supporting information

Additional Supporting Information may be found in the
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Figure S1 Geographic locations of the breeding popula-
tions studied corresponding to Northern, Central and
Southern breeding populations.

Figure S2 Map of expected plant §'°C stable isotope
values for Africa (Still & Powell, 2010; A) and two-iso-
tope isoscape for Africa, derived from cluster analysis of
the 6'C and 6'°N isoscapes (Hobson et al., 2012¢; B).
Figure S3 Distributions (a) and correlations (b) of
observed and expected §'>C ratios (%,).

Figure S4 Neighbour joining tree of cytochrome b
sequences representing the parasite lineages.

Figure S5 Prevalence of all (a) Haemoproteus sp. and (b)
Leucocytozoon sp. found in allopatric Northern (N,
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green), Southern (S, blue) and Central (N-like, S-like, Table S3 Assignment of barn swallows from different
intermediate, grey) European breeding populations. breeding populations according to the approach
Table S1 Ring-recovery data of barn swallows shown described in Hobson et al. (2012c).

in Fig. 1c.

Table S2 Summary of blood parasite lineages (cyt b) Received 17 June 2014; revised 18 December 2014; accepted 14
found in Buropean barn swallows breeding in the study January 2015

areas (N — north, C — central, S — south).
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