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Abstract

Right before northern hemisphere’s summer shifts to autumn small insect-eating
birds start lengthy journeys to tropical regions. It is well established that temporary
lack food and annual changes in weather are the ultimate reasons for this behavior.
On a proximal level however, the process is poorly understood. Yet cross
continental bird migration is a widespread phenomenon that has evolved several
times independently. Different species execute specific migration routes with
remarkable precision, over narrow species-specific time windows. Even more
remarkable is that songbirds migrate alone thus relying only on internal cues. Routes
and exact winter locations can vary substantially even between populations of one
species. Crossbreeding experiments have proved that migration direction and timing
are highly heritable. However, we are still clueless on which exact genes encode
information necessary for migration. | studied the willow warbler Phylloscopus
trochilus, a common songbird that breeds across the whole of northern Eurasia and
spends the non-breeding period exclusively in tropical Africa. The far east Siberian
subspecies P.t. yakutensis winters in south-east Africa and begin the journey by
flying NW. Northern and Eastern European willow warblers P.t. acredula are
migrating towards southern Africa and start the migration by heading SSE. Western
European and southern Scandinavian populations P.t. trochilus head towards West
Africa and initiate fall migration by flying SSW. European trochilus and acredula
are nearly identical genetically except for two inversion polymorphisms on
chromosomes 1 and 5, and presence or absence of a large repeat block (MARB-a).
Far east Siberian yakutensis are genetically almost inseparable from Scandinavian
acredula, except for a set of nearly fixed differences on a small region on
chromosome 6. | deployed small tracking devices to record migratory routes of
willow warblers from breeding sites in Sweden and eastern Russia and
supplemented the tracking results with molecular methods to search for genes
associated with the migratory behaviors.



Popular scientific summary

As the winter arrives to northern latitudes, weather becomes colder, days shorter,
food more difficult to find. Brown bears enter dens and hibernate, emerald
damselflies die and only eggs they had laid on underwater plants persist through
winter, honey-bees huddle in their hives, eat the honey and shiver wings to warm
themselves and each other. Small insect eating birds on the other hand fly to warm
and tropical regions where food is abundant, and weather is nice. In spring when the
nature wakes up from the slumber the bears crawl out of their dens, emerald
damselfly eggs hatch and the new-born larvae begin their life, honeybees leave their
hive and resume the busy buzzing and migratory birds announce their return by
filling the landscape with their songs! One such bird is willow warbler.

Willow warblers are dull looking 10-gram songbirds with a beautiful song and an
incredible skill to travel. Willow warblers from southern Sweden migrate to western
Africa through Spain and western coast of the Sahara Desert. Willow warblers from
northern Sweden cross Greece and migrate to southern Africa. It is quite a feat for
such a small creature to safely navigate across two continents and back. But what
makes these journeys even more fascinating is that these birds are born with genetic
instructions that will dictate them, when and where to fly! Despite a lot of work, we
still know very little about how and which genes control migratory behavior. To
investigate this question, I used tiny tracking devices called geolocators to document
migration routes of Swedish willow warblers and used molecular analysis to find
out more about the genetic basis of long-distance migration. In central Sweden, the
southern willow warblers that migrate southwest meet the northern willow warblers
that migrate southeast. Southern and northern willow warblers look very similar,
and their songs appear identical. They therefore very often pair up with one another
and raise chicks together. In those cases, the chicks inherit some migration genes
from the mother and some from the father. Research done at the Max-Plank institute
in Germany on blackcaps (another small songbird) showed that if one parent has
genes to migrate southwest and other parent has genes to migrate southeast, their
chicks will fly in between and most likely perish in an attempt to cross the
Mediterranean Sea and the Sahara Desert right in the middle! We tracked the
migratory journeys of hybrid willow warblers from Jamtland and found two regions
on the genome that very strongly associate with the migration direction. Even more
interestingly we found that migration direction follows a dominant inheritance
pattern. This means that unlike the blackcap hybrids, the hybrid willow warbler
hybrids will either fly southwest or southeast. We still, however, do not know the
exact genes involved and what they do, but with this work, we have made a
significant step forward, so stay tuned because more exciting findings are on the
way.



Popularvetenskaplig sammanfattning

Né&r vintern kommer till de nordliga breddgraderna blir vadret kallare, dagarna
kortare och det blir svarare att hitta mat. Brunbjornar gar in i sina iden, flickslandor
dor och endast de &gg de lagt pa undervattensvaxter 6verlever vintern, honungsbin
kryper ihop i sina kupor, dter honung och vibrerar med vingarna for att varma sig
sjdlva och varandra. Sma insektsatande faglar & andra sidan flyger till varma och
tropiska omraden dar det finns gott om mat och dar vadret ar fint. P& varen, nar
naturen vaknar ur sin slummer, kommer bjornarna ut ur sina iden, flickslandornas
agg klacks och larverna borjar sitt liv, honungsbina lamnar sin kupa och aterupptar
det hektiska surrandet, och flyttfaglarna tillkannager sin aterkomst genom att fylla
landskapet med sang! En av dessa faglar ar lévsangaren.

Lovsangaren &r en oansenlig 10-gram tung sangfagel med en vacker sang och en
otrolig fardighet att resa langt. Lovsangare fran sodra Sverige flyttar till vastra
Afrika via Spanien och langst véstra kanten av Saharadknen. Lévsangare fran norra
Sverige passerar istéallet ver Grekland och flyttar till sodra Afrika. Det ar en stor
bedrift for en sa liten varelse att pa ett sakert satt navigera over tva kontinenter och
tillbaka. Men det som gor dessa resor annu mer fascinerande &r att dessa faglar fods
med genetiska instruktioner som bestammer nar och var de ska flyga! Trots mycket
arbete vet vi fortfarande véldigt lite om hur och vilka gener som styr
flyttningsbeteendet. For att undersoka den har fragan forsag jag 6ver 450 lovsangare
med sma sa kallade ljusloggrar, for att dokumentera deras flyttningsrutter. Darefter
utforde jag genetiska analyser for att ta reda pa mer om den genetiska grunden for
dessa langvaga flyttningar. | mellersta Sverige moter de sydliga I6vsangarna som
flyttar &t sydvast de nordliga artfranderna som flyttar at sydost. Sydliga och nordliga
I6vsangare ser mycket lika ut och deras sang verkar identisk. De bildar darfor
mycket ofta par med varandra och féder upp ungar tillsammans. | dessa fall arver
ungarna en del flyttningsgener fran modern och en del fran fadern. Forskning som
gjorts vid ett Max-Plank-institutet i Tyskland pa svarthattor (en annan liten
sangfagel) visade att om den ena foraldern har gener for att flytta sydvast och den
andra foréldern har gener for att flytta sydost, kommer deras ungar att flyga i en
riktning mellan dessa. Denna riktning skulle fa hybriderna att korsa tvars over
Medelhavet och Saharadknen, en resa sannolikt forknippad med férhéjd dodlighet.
Vi foljde resorna for l16vsangarhybrider fran Jamtland och hittade tva regioner i
arvsmassan som har ett mycket starkt samband med flyttningsriktningen. Annu mer
intressant &r att vi fann att flyttningsriktningen féljer ett dominant
nedarvningsmonster. Detta innebar att till skillnad fran svarthattorna kommer
merparten av lovsangarhybriderna att antingen flytta sydvast eller sydost. Vi vet
dock fortfarande inte exakt vilka gener som &r inblandade och vad de gor, men med
detta arbete har vi tagit ett stort steg framat, sa hall 6gonen 6ppna, for fler spannande
upptéckter ar pa vag!



Popularzinatnisks apraksts

Lidz ar ziemas tuvoSanos Ziemelu puslodé temperatiira pazeminas, dienas paliek
1sakas un &diens paliek arvien griitak atrodams. Briinie 1acis ielien majigos
midzenos un snauz, rudens zaigspares nomirst un tikai olas ko tas izdgjusas uz
zemiudens augiem parziemo, medus bites sadriizméjas stropos, un visu ziemu &d
vasara sariipeto medu. Mazi dziedatajputni kas partieck no kukainiem aizlido us
tropiskam zem&m kur laikapstakli ir jauki un kukainu ir pa pilnam. Pavasart kad
daba mostas, la¢i izlien no midzeniem, diku dibenos izskilas un dzivi uzsak
zaigsparu kapuri, bites izlido no stropiem un sak meklét ziedus ar nektaru,
migrajosie dziedatajputni pazino par savu atgriesanos peipieldot mezus un plavas ar
savam dziesmam. Viens no Siem mazajiem putniniem ir vititis (Phylloscopus
trochilus)!

Vititis sver nieka 10 gramus, valka pieticigu briingani pel€ku ietérpu un dzied
pasakaini skaistu dziesmu. Vitisi no Zviedrijas dienvidiem (pasuga trochilus) rudent
migré uz Rietum Afriku cauri Spanijai un Saharas Rietumu krastam. Vitisi no
Zviedrijas Ziemeliem (pasuga acredula) migré uz Dienvid un Austrum Afriku cauri
Griekijai un Egiptei. Lieki uzsveért ka priek§ maza putnina Sie celojumi ir apbrinas
verti, nemot véra ka més (visdrizak ari tu) biezi apmaldamies lasot s&neS
puskilometru no masinas! Talie putnu celojumi ir vél jo vairak apbrinojami kad me&s
aptveram ka §1 uzvediba ir genétiski iedzimta. Katrs jaundzimis vititis bez
ieprieks€jas pieredzes un vienatn€ zina kad un uz kurieni ir laiks migrét! Par spiti
daudzu zinatnieku ptilém més joprojam zinam loti maz par to kuri géni un ka nosaka
$o uzvedibu. Lai pétitu So jautdjumu es izmantoju mazakas pieejamas ierices
dzivnieku izsekoSanai, geolokatorus. Kopa ar migracijas marSrutiem mes
analiz&jam katra izsekota vitisa DNS (Molekula kas satur teju visu infromaciju par
to kas m&s katrs esam) lai atrastu génus kas nosaka uz kurieni katrs no viniem grib
migrét. Zviedrijas vidiena abas pasugas trochilus un acredula satickas un biezi
saparojas. Putn€niem kuru vecaki ir no dazadam pasugam piedzimst ar sajauktiem
geéniem, dazi kas liek migrét Dienvid-Austrumu un dazi kas liek migrét Dienvidu-
Rietumu virziena. Legendari pétijumi Maksa Planka institiita, Vacija, ar melngalvas
kaukiem (v&l viens mazs dziedatajputns) ir paradijusi ka ja viens no vecakiem migré
uz Dienvid-Austrumiem un viens uz Dienvid-Rietumiem tad vinu bérni migrés pa
vidu un visdrizak nomirs centienos Skérsot Vidusjiiru un Saharu taisni pa vidu!
Izmantojot geolokatorus un DNS analizes més atradam divus DNS regionus kas loti
speécigi asoci€jas ar migracijas uzvedibu. Miisu pétijums parsteidzosi paradija ka
atSkirtba no melgalvas kaukiem vitiSu hibridi loti reti lido pa vidu. Gandriz visi
hibridi migr&ja vai nu uz Astrumim vai Rietumiem ka viens no vinu vecakiem. Mgés
joprojam nezinam kuri géni un ka tiesi kontrol€ $o uzvedibu, tacu ar $o petijmu mes
esam veikusi Joti nozZimigu soli uz prieksu.
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Introduction to genetics of bird
migration

As early as in 1702 VVon Pernau noted that a migratory bird ... is driven in due time
by some secret impulse and obeys it.”” (In Stresemann 1947). At the end of northern
summer this “secret impulse” pushes billions of individual birds from the northern
hemisphere to take the wing to reach very specific winter sites in the tropics only to
return to the breeding territories when the winter has passed (Hahn et al., 2009).
Similar seasonal movements occur across the animal kingdom: insects (Gao et al.,
2020), crustaceans (Nieves-Rivera & Williams, 2003), fish (Albert et al., 2006),
mammals (Wilkinson & Fleming, 1996) and reptiles (Papi et al., 2000). Lengthy
migration has very likely been a commonly adopted survival strategy already in pre-
avian forms of early Cretaceous dinosaurs (Suarez et al., 2017) and might even trace
back to the very dawn of multicellular life (Hou et al., 2008). The “ultimate” causes
for why migration has evolved are reasonably well understood and boil down to the
avoidance of temporarily unfavorable conditions and exploitation of seasonal
resource peaks (Alerstam et al., 2003; Winger et al., 2018). However, the
“proximate” mechanisms of how an individual bird arrives to a decision on which
direction to fly is an unsolved puzzle (Liedvogel et al., 2011). An undisputable
conclusion however is that long distance bird migration has a strong genetic basis,
which has been confirmed with experiments in the wild (Perdeck, 1958), common
garden studies (Berthold, 1991) and observations in nature (Willemoes et al., 2014).
We know that the photoperiod in combination with an internal genetically controlled
clock tells the bird when to start the journey (Gwinner, 1972). We also know that
the magnetic sense (Gwinner & Wiltschko, 1978) and stellar compass (Emlen,
1975) provide sophisticated tools for orientation. But aside from the fact that the
flight direction and migration distance are genetically inherited (Berthold, 2003),
we know virtually nothing about how and which genes that let the birds to know
which direction to take.

The migration routes of birds are often counter-intuitive and much more elaborate
than common sense would suggest (Sutherland, 1998; Ruegg & Smith, 2002). Long-
lived social migrants are much better at adjusting their migratory routes as a
response to a changing environment than short-lived insectivores that typically
migrate in solitude (Sutherland, 1998). White storks Ciconia Ciconia from western
Europe and eastern Europe start autumn migration flying southwest and southeast,
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respectively. However, if a young white stork with the genetic drive to migrate
southwest joins a flock that is lead southeast by experienced adults, the juvenile will
ignore the innate drive and follow the group (Chernetsov et al., 2004). The role of
cultural transmission of the migratory behavior was highlighted in a recent
experiment where juvenile hand-reared black-tailed godwits Limosa limosa were
displaced from the Netherlands to Poland. The Dutch godwits released in Poland
migrated very similar to the local Polish godwits (Verhoeven & Loonstra, 2020) and
even returned to breed in Poland. In long distance songbird migrants (for example
Sylvoidea warblers), migration is a strictly solitary activity. Moreover, the details
of the migratory program (timing, flight direction, fattening strategy, stopover
location, winter range) are typically specific for the species, and at times, even for
populations of the same species (Liedvogel et al., 2011). For example, the five
closely related Phylloscopus species, willow warbler, greenish warbler P.
trochiloides, wood warbler P. sibilatrix and arctic warbler P. borealis breed
sympatrically in the European part of Russia (Karelia). All five are obligatory long-
distance migrants. All five are ecologically nearly identical and can nest in the same
hectare of land, and yet a willow warbler from Karelia will migrate to southern
Africa, wood warbler to western Africa, arctic warbler to Philippines and the
greenish warbler to India (Shirihai & Svensson 2018, Figure 1). Species like the
above mentioned Phylloscopus showcase large and rather dynamic breeding areas.
In contrast, winter grounds across the migratory bird species appear to be rather
inert to change. It is a common pattern where birds of one species from a large
breeding range all funnel to much smaller wintering area. Hence, it seems that there
is a strong signature of a historical legacy determining the migratory behavior today.

£
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\
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e lhb s ‘ﬁf

e ,‘: Arctic Warbler
Wood Warbler W £

Greenish Warbler
//‘, »

Chiff Chaff

Willow Warbler
Figure 1. Diverse wintering grounds of five sympatric leaf warbler species. Photos of chiffchaff, wood,

willow and greenish warblers kindly provided by Ottenby Bird Observatory and photo of the arctic warbler
by Gabriel Norevik.
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Migration evolves fast

Migration seems very labile; it can be gained or lost over short evolutionary
timescales (Dufour et al. 2020, Figure 2). Examples of rapid evolution of migration
are not uncommon even in the very narrow span of the recorded history (Sutherland
1998). In the 16" century, the serin Serinus serinus for example occurred only
around Mediterranean region and was a strictly resident species. By early 20™
century it had expanded all the way to Scandinavia and at these latitudes became an
obligatory migrant (Kinzelbach, 2004; Mayr, 1926). Migration does require many
coadaptations but most if not, all phenotypic characteristics enabling long distance
migration are probably modifications of already pre-existing characteristics most
birds possess (like the famous analogy with “Spandrels of San Marco” introduced
by Gould & Lewontin (1979)). For instance, the ability to accumulate fat for the
migratory journeys in sedge warblers Acrocephalus schoenobaenus likely employs
the same physiological machinery that the sedentary marsh tits Poecile palustris use
to accumulate fat over the day to survive a cold winter night (Rappole, 2013). It is
thus plausible to assume that a few key changes in the gene sequence or expression
pattern can have cascading effect on the entire migratory phenotype.
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Figure 2. Bird phylogeny with reconstructed character states for the migratory phenotype. Figure
modified from Dufour et al. (2020).
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Breeding philopatry as the driving force

Several extensive reviews on evolution of bird migration have already been written
e.g., Berthold (1999), Alerstam et al. (2003), Newton (2008), Rappole (2013). Two
major and much debated hypotheses on the origin of bird migration that | want to
bring up are, the “southern home” (birds that breed in tropics expanded to northern
hemisphere to breed and become migratory in higher latitudes) and the “northern
home” (birds being sedentary in high latitudes begin to migrate south for wintering).
For example, the observation that migratory Holarctic species usually have close
relatives in the tropics that are sedentary or partially migratory, has been interpreted
as support for the” southern home” hypothesis (Winger et al., 2012). On the other
hand, careful phylogenetic analyses of character states have in some cases supported
the “northern home” hypothesis (Winger et al., 2014). The previously mentioned
debate however may have exhausted its usefulness. Winger et al. (2018) suggests
that at the conceptual level it is the breeding site philopatry and the location of
suitable winter areas that shape current migratory routes. Because of spatial climate
patterns along latitudes, most migrations happen to take place along a north-south
axis. There are however some notable exceptions to these north-south migration
itineraries. Ancient murrelets Synthliboramphus antiquus for example, migrate from
Canada to Japan and back, from west to east with almost no change in latitude
(Gaston et al., 2015). An example from passerines is the black-headed bunting
Emberiza melanocephala that migrates from southern Italy and the Balkans to India
with very little change in latitude but a massive longitudinal shift (Cikovi¢ et al.,
2021). Yet another species illustrating that migration is merely an adaptation to
overcome temporary periods with adverse conditions is the common poorwill
Phalaenoptilus nuttallii, that in fact truly hibernates (Jaeger, 1948). The above-
mentioned examples emphasize that migration plays the same role as hibernation in
mammals or diapause in insects (Winger et al., 2018). The line of thought that there
is a strong tendency to maintain the same breeding site, is also supported by the fact
that despite the often-occurring migratory connectivity (Webster et al., 2002), a
precise breeding site fidelity is generally much stronger than winter site fidelity
(Newton, 2008). At first this seems to be contradictory with the fact that the breeding
ranges are dynamically changing, and winter ranges are generally inert to change
(Bensch, 1999; Bohning-Gaese et al., 1998). However, Winger’s theory still stands
if we realize the distinction between natal and breeding dispersal. Adult individuals,
that already have lived through one breeding season will often return the next year
to breed in the same territory (a phenomenon known as breeding philopatry). On the
other hand, natal dispersal, the distance from the place where a bird hatched to the
place where the bird settled for its first breeding attempt, generally operates on a
significantly larger geographical scale than breeding dispersal (Newton, 2008;
Paradis et al., 1998). Natal dispersal on a population level is a mechanism that
allows the breeding ranges to change even in the face of limited breeding dispersal.
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Hypothetical orientation patterns and inheritance modes

There are two main hypotheses proposed for what type of inherited information
might be contained in the genetic migration program that enable naive birds to reach
their wintering grounds (Figure 3).

“Clock and Compass”: separate genes for direction, timing and duration of the
journey.

Albert C. Perdeck in the mid-20™ century ringed and displaced >11 000 common
starlings Sturnus vulgaris from the Netherlands to Switzerland. Ringing recoveries
of these birds suggested that due to prior experience, adults can compensate for the
displacement and reorient toward their real destination area. Inexperienced juveniles
after displacement however continued to fly in the set direction and for the set
amount of time as if they were not displaced. This juvenile behavior was the origin
of the term “Clock and Compass” (Perdeck, 1958, 1967). In orientation studies it
has even been noted that garden warblers Sylvia borin studied in orientation cages
change the migration direction according to what they should have done in wild
(Gwinner & Wiltschko, 1978). Garden warblers in Eberhard Gwinner’s and
Wolfgang Wiltschko’s experiment started with orienting south-west and later
reoriented south. This pattern matches their natural flight south-west to the Iberian
Peninsula followed by a southward flight along the western edge of Africa. This is
what would be expected under “Clock and Compass” orientation. Thorup and
colleagues caught white crowned sparrows Zonotrichia leucophrys on the western
coast of US during fall migration and displaced them to the eastern coast. The
researchers fitted these birds with radio transmitters and managed to track their
movements for >100 km from the release site. The results were clearly supporting
the “Clock and Compass” hypothesis: adults compensated for the displacement
whereas juveniles did not (Thorup et al., 2007).

“Goal-area Navigation”: set of genes determining the destination and/or staging
areas regardless of the starting position.

Jorgen Rabgl (1978), after analyzing ring recoveries of three European passerine
species, suggested that it is in fact the geographic location of the wintering area (or
the stopover sites) that is inherited, rather than the direction or timing.

The “Clock and Compass” orientation is relatively simple to comprehend but is not
fully compatible with the fact that the migratory routes of many species must have
changed dramatically during Holocene. After the last glaciation, when the majority
of migrant species had been confined to small refuge areas, the ice sheets contracted,
and the breeding ranges expanded dramatically. As the breeding ranges expanded
and winter grounds remained the same, the populations at the edges of the new
breeding grounds continuously needed to adjust the autumn migration direction in
order to reach the ancestral wintering grounds. If these directional changes are
genetically determined, as proposed by the “Clock and Compass” model, the
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required rate of changes in coding sequences might be too high for novel adaptive
mutations to occur. The “Goal-area navigation” is however much more difficult to
comprehend. But in a thought experiment where we assume that the “Goal-area
navigation” is true, previously problematic observations seem logical. For example,
the common rosefinches Carpodacus erythrinus reached Scandinavia from Central
Siberia about one hundred years ago and still winter in the same area of southern
Asia (Pavlova et al., 2005). Rosefinches that expanded westwards had to change
migration direction and timing to optimally reach the old wintering site. Under the
“Clock and Compass” scenario, the new flight direction and timing would either
require de novo genetic mutations or selection on standing genetic variation. Large
amount of standing genetic variation in the form of recessive alleles affecting
migratory direction might be possible if migration direction is a guantitative trait
determined by many genes with small effects, which so far seems not be the case
(Berthold, 1999; Sokolovskis et al., 2023). Mutations are rare, vast majority of them
are neutral and only a small percentage are either detrimental or beneficial (Kimura,
1968). It therefore would imply that the common rosefinches and other migratory
songbirds that have quickly expanded their breeding ranges would have obtained
the necessary mutations to optimally changing migration direction and timing as the
colonization of the continent continued. Aside from this verbal argumentation,
“Goal area navigation” has gained empirical support (Akesson et al., 2005; Thorup
et al., 2011) and thus deserves serious consideration.
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Figure 3. Schematic depiction of an ideal displacement experiment and possible outcomes under “Clock and
Compass” and “Goal-area navigation” hypothesis.

To elucidate whether it is “Goal-area navigation”, “Clock and Compass” orientation
or a combination of both, it is necessary to replicate Perdeck’s experiment in true
solitary migrants. Starlings migrate in social flocks. The displaced juveniles might
have joined flocks of local birds at the release site (Piersma et al., 2020). To do this,
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we must deploy transmitters that would provide daily locations in real time and
displace eggs before they hatch in order to eliminate maternal effects on
development of the individual’s migratory program. The presently available
geolocators and GPS tags that are suitable for use on small birds only provide
information of the surviving birds that return to the tagging site making it impossible
to study how selection is operating on the variation of migration direction in
populations. At this moment however, no GPS transmitters are small enough to be
deployed on phylloscopus-sized passerines.

Components of migratory program likely under genetic control

Decades of experiments using the so called “Emlen funnels” and magnetic coils
have helped to elucidate several components of the innate migration program that
are very likely to be inherited. Below | summarize some of the most important
published results to date.

Timing, when to start the migration

Dates of the start of migration are consistently different between species and to a
large degree depend on an internally controlled clock (Akesson et al., 2017). Early
on, it was shown that chiffchaffs and willow warblers in captivity, sheltered from
any environmental stimuli, initiate the migratory restlessness in appropriate species-
specific times (Gwinner, 1972). Captive blackcaps kept in constant conditions
(temperature, light and food availability) begun to express migratory restlessness at
the same time as the wild populations they had been taken from leave the breeding
grounds (Berthold & Helbig, 1992). From several of the candidate genes suggested
to affect migration timing the Clock gene has received the most attention (Bazzi et
al., 2016). However, a careful inspection, also including published negative results,
clearly shows that its role may have been overestimated. Variation on the Clock
gene does not have a large effect (Parody-Merino et al., 2019). Genomic analysis of
migration timing in American kestrels Falco sparverius suggest that the timing is a
polygenic trait and regulatory elements play a key role, whereas core genes involved
in circadian activity patterns (e.g., Clock) remain conserved (Bossu et al., 2022).

Duration of how long to travel

Elaborate experiments carried out at the Max Planck institute of Ornithology scored
the migratory activity (“zugunruhe”) in captivity of sedentary and migratory
blackcaps (Berthold et al., 2003). Afterwards, the F1 hybrids were tested for
“zugunruhe” in the exact same manner, and it was found that 40% of the birds
displayed typical migratory activity. In addition, the duration of the hybrid
“zugunruhe” was about half of that of the fully migratory blackcaps. A similar
although less conclusive result was found when testing F1 generation hybrids of
short distance migrating black redstarts Phoenicurus orchruros and long-distance
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migrating common redstarts Phoenicurus phoenicurus. Overall, it does seem that
the duration of migratory activity (proxy for the total migration time) is a
guantitative multi-locus trait (Berthold, 2003).

Autumn migration direction

Blackcaps from southwest and southeast migratory populations were crossbred and
F1 generation hybrids were shown to orient on average, intermediately to the parents
(Helbig, 1991). This study is to date the best empirical demonstration of the genetic
control of direction of bird migration. In addition, this team of researchers
successfully crossbred the F1 hybrids. The preferred autumn migration direction of
F2 hybrids showed larger variation than the F1 hybrids and segregated in more
discrete clusters. This is in line with a Mendelian inheritance pattern of a trait that
is controlled by a small number of genes with large effects (Helbig, 1996). A single
most promising candidate gene for migration direction so far is VPS13A gene on Z
chromosome that was found studying golden-winged Vermivora chrysoptera and
blue-winged warblers V. cyanoptera (Toews et al., 2019).

Spring migration direction

To my knowledge, there is only one published experiment that provides evidence
for the spring migration being innate and not a simple result of path integration
mechanism. Captive garden warblers Sylvia borin that after being held captive
throughout the winter, in spring exhibited typical “zugunruhe” and oriented
consistently along a normal migratory direction, even including changes in direction
(Gwinner & Wiltschko, 1980).

Affinity for specific parameters of the Earth’s magnetic field

It is widely accepted that birds possess a magnetic sense, even though the
mechanistic details are still debated, and no direct proof of specific receptors exists
(Mouritsen, 2018). Experiments have shown that birds seem to respond to several
properties of earth’s magnetic field: declination (Chernetsov et al., 2017),
inclination (Akesson et al. 2001) and intensity (Dennis et al., 2007). Hypothetical
mechanisms to perceive magnetic field components are cryptochromes in the retina
that may enable birds to “see” the magnetic field (Pinzon-Rodriguez et al., 2018),
magnetites near the trigeminal nerve (Kishkinev et al., 2013; Kirschvink & Gould,
1981) or symbiotic magneto-tactile bacteria (Natan & Vortman, 2017). The types of
cryptochromes and specifics of magnetite molecule aggregations could in principle
be directly encoded genetically and through a positive reward mechanism determine
preferred migration direction. Symbiotic bacteria on the other hand would most
likely be transmitted either from the environment or the mother through the egg
laying. There may still be genetic components that make the host more welcoming
to certain strains of bacteria.
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In an elegant experiment, Fransson et al. (2001) caught juvenile thrush nightingales
Luscinia luscinia in Sweden during autumn migration and kept them in aviaries
surrounded with magnetic coils that enabled manipulation of the magnetic field
intensity and inclination. The experimental group was kept under a magnetic field
mimicking that of Egypt. These birds accumulated a lot more fat, presumably to
prepare for the Sahara crossing, than birds that were placed in cages with a magnetic
field corresponding to the actual location in Sweden. While Fransson et al. (2001)
measured the response in fat accumulation in autumn, Kishkinev et al. (2015)
captured reed warblers Acrocephalus scirpaceus during active spring migration in
Kaliningrad and virtually displaced the birds by keeping them in magnetic field
condition of a place 1000 km to the east and measured their preferred direction in
“Emlen funnels”. The virtually displaced reed warblers compensated for
displacement and reoriented accordingly. It is difficult to analyze the role of each
component of the magnetic field separately as they are not uniformly distributed
across the globe and often covary (Bostrém et al., 2012). Nevertheless, recent work
on Manx shearwaters Puffinus puffinus (Wynn et al., 2020) and common reed
warblers (Wynn et al., 2022) suggests that migratory birds have a preference for a
specific magnetic inclination value and use it as a stop sign when returning to the
breeding site in spring. Whether it is genetic or learned is still not known. Alerstam
& Hdogstedt (1983) reported results suggesting that ability to orient according to
magnetic field parameters in pied flycatchers Ficedula hypoleuca is being calibrated
already in the nestling stage. To conclude, it is within the realm of possibilities that
there is an innate preference for wintering at a specific combination of magnetic
field parameters. This however has not been tested yet.

23



My thesis

Study system: the willow warbler Phylloscopus trochilus

The willow warbler is a small 10-gram, old world passerine that breeds in northern
Eurasia from the coast of Pacific to the coast of Atlantic. It is an abundant species
with a population size between 400 and 650 million breeding individuals
(birdlife.org). Birds breeding in southwestern Europe (ssp. P. t. trochilus Linnaeus,
1758) are the smallest and characterized by having a lot of yellow in the plumage.
In autumn, they migrate towards southwest to wintering grounds in western Africa.
Northern and eastern Europe is populated by longer winged birds (ssp P. t. acredula,
Linnaeus, 1758) that have on average less yellow color in the plumage (Figure 4).
They migrate towards south/southeast to winter quarters in southern and eastern
Africa. The easternmost populations from northeast Siberia (ssp. P.t. yakutensis
Ticehurst, 1935) are even longer winged and have hardly any yellow in the plumage.
The subspecies yakutensis begins the autumn migration by heading northwest
(Sokolovskis et al., 2018, 2019). First to suggest that P. t. trochilus and P. t.
acredula, the two Scandinavian subspecies, migrate differentially was the Danish
ornithologist Finn Salomonsen (Salomonsen, 1928, 1955). Salomonsen’s inferences
hinged on indirect data of differences in morphology and timing of passage. In
1980s Hedenstrom & Pettersson (1987) took advantage of the accumulated
recoveries of willow warblers ringed in Fennoscandia and showed that indeed
trochilus and acredula migrate differentially. Later research making use of analyses
of stable isotopes from winter grown remiges identified that between latitudes 62
and 64 °E Scandinavian willow warblers may winter anywhere in Africa (Bensch et
al., 2009; Chamberlain et al., 2000). The two subspecies trochilus and acredula
meet in a ~250 km wide migratory divides in central Scandinavia and in eastern
Europe (Bensch et al. 2009, Lundberg et al. 2017) where they breed almost
panmictically (Liedvogel etal., 2014). Lerche-Jargensen et al. (2017) conducted the
first tracking study on willow warblers and presented direct evidence that at least
the Danish trochilus migrate as Salomonsen predicted. Lundberg et al. (2017)
compared genomes of acredula and trochilus and identified three inversion
polymorphisms setting the subspecies apart, located on chromosome 1 (11 Mb, 146
coding genes), chromosome 3 (13 Mb, 135 coding genes) and on chromosome 5 (4
Mb, 53 coding genes). All these three regions have been confirmed to be inversion
polymorphisms (Lundberg et al., 2023), meaning that recombination between the

24



two different haplotypes virtually does not happen and therefore, two separate sets
of adaptations can evolve even in sympatry. The region on chromosome 3 has been
shown to be related to the altitude and climate of the breeding site, not to the
migratory behavior (Larson et al., 2014), and is thus not investigated in my thesis
work. From here on we will refer to the inversion polymorphisms on chromosomes
1and 5 as InvP-Ch1 and InvP-Ch5 respectively. One more marker circumstantially
associated with the migratory behavior in willow warbler was first identified based
on an AFLP protocol but is now genotyped with a gPCR protocol to detect the copy
number of a transposable element specific to acredula (Bensch et al., 2002;
Caballero-Lopez et al., 2022). This marker as presence or absence of a> 12 Mb long
repeat block that we will further call MARB-a (Migration Associated Repeat Block
in acredula). From all the candidate regions in our study system, MARB-a is the
least understood (we do not know its location on the genome, nor any functional
genes it may carry). lronically, MARB-a is also the marker with the strongest
association to migratory direction in willow warblers (Sokolovskis et al., 2023).

Figure 4. Two willow warblers from the Swedish migratory divide. The individual to the left presents a typical grey-
brown acredula plumage and the individual to the right a typical yellow-greenish trochilus plumage. Many birds
are intermediates and both extremes of the plumage can be found anywhere in Sweden precluding use of coloration
in identifying genetic origin. Photo: Harald Ris.

25



Core methods widely used throughout this thesis

Phenotyping

We tagged adult male willow warblers with light level geolocators produced by
Migrate Technology Ltd (Intigeo-W30Z11-DIP 12 x 5 x 4 mm, 0.32 g, Figure 5).
Loggers were attached to birds using a nylon string, originally meant for repairing
mist nets, in a “leg loop” harness (Naef-Daenzer, 2007). The geolocators we used
recorded maximum light intensity every five minutes and archived this data. Upon
recapture of a tagged bird in the following spring the logger was retrieved. Data on
light intensity with precise time stamps could then be converted to latitude and
longitude estimates which we used to describe migratory routes.

Genotyping

Genotyping of the inversion polymorphisms on InvP-Chl and InvP-Ch5 was done
using a qPCR SNP assays for one informative SNP per inversion (originally
developed by Zhao et al. 2020). Probes and primers were produced by Thermo
Fisher Scientific and were designed using the online Custom TagMan® Assay
Design tool. We used BioRad CFX96™ Real-time PCR system (Bio-Rad
Laboratories, CA, USA). The gPCR method that we used to assess the presence of
MARB-a was based on an assay that quantifies the copy number of a novel TE that
has expanded in acredula (Caballero-Lépez et al., 2022). Allopatric trochilus have
from O to 6 copies whereas allopatric acredula have from 8 to 45 copies. Birds with
>7 TE copies were considered to have one or two alleles of MARB-a.

‘ migrate
technology

Figure 5. To the left a geolocator (from Fox, 2021). To the right a tagged willow warbler with the geolocator visible.
Photo: Harald Ris.
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Contributions to the research field from this thesis

Inheritance mode of the migratory phenotype (Paper 1)

Migration direction

We deployed a total of 466 geolocators on willow warblers breeding across Sweden
and retrieved data from 72, of which 51 were from the migratory divide. The
primary goal of this effort was to identify which of the three candidate loci (InvP-
Chl, InvP-Ch5 and presence or absence of MARB-a) associate with differences in
the migratory behavior. The results strongly suggest that migration direction in
willow warblers follows a dominant inheritance pattern. The InvP-Chl carries an
allele with a dominant effect for SW migration direction and MARB-a locus carries
or is associated to an allele with a dominant effect for SE migratory direction. In
addition to this, we also find that MARB-a epistatically suppresses effects of InvP-
Chl. In fact, presence or absence of MARB-a alone explains 64% of variation in
autumn migration direction (Figure 6). This is in line with the classical prediction
that migration direction is determined by a small number of large effect genes
(Berthold 2003) but does not support a codominant inheritance mode of migration
direction (Berthold 2003, Delmore et al. 2016). An implication for dominant
inheritance pattern of migratory direction is that the primary mechanism
maintaining a narrow migratory divide may not be the inferior intermediate route
hybrid individuals take.

Figure 6. To the left a recaptured willow warbler with a removed geolocator (Photo: Harald Ris). To the right, routes
of 51 willow warblers from the Swedish migratory divide color coded according to presence (red) or absence (grey)
of MARB-a.
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Genetics of migration timing

In paper |, we found that none of the three genetic markers associated with the
timing of autumn migration. In paper V, we additionally genotyped a large number
of willow warblers from across the breeding range to test whether polymorphism on
the Clock gene will set apart the populations that all breed at different extremes of
Eurasia and initiate migration at different dates but found no differences on Clock
genotype frequencies. This is however not surprising and further solidifies the view
that migration timing is an additive trait (Bossu et al., 2022).

Consequences of intermediate migratory routes (Papers Il and 111)

Papers Il and Il further analyze the geolocator data used in paper | with the
expectation to identify costs for deviations from the typical eastern and western
flyways.

Daytime migration

In paper Il we quantified daytime migration patterns of the birds we had tracked.
Willow warblers typically migrate at nights and are thought to migrate during
daytime, only when encountering large ecological barriers (e.g., the Sahara Desert
or Mediterranean Sea). Our expectation was that the intermediate migratory route
would require the birds to migrate at daytime more often than birds that follow the
typical eastern or western flyway. We instead found that it was the western flyway
birds that had a higher probability to execute migratory flights in daytime, in both
spring and autumn (Figure 7). The declining probability of daytime flights from
west to east is in line with a previous result from theoretical modelling, that due to
differences in wind patterns across the Sahara Desert, the western flyway is harsher
and impose higher mortality on migrants (Erni et al., 2005). In addition, it has been
shown that populations of the common cuckoo Cuculus canorus in UK that migrate
more westerly are under stronger decline compared to populations that migrate more
easterly (Hewson et al., 2016).
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Figure 7. The probability of willow warblers doing a full day flight (FDF) in autumn (a) and spring (b) migrations

relative to the barrier crossing longitudes (longitude at which birds crossed latitude 35 °N, that corresponds to
Mediterranean Sea). Grey shading marks 95% confidence interval.
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Loop migration patterns

In paper 111 we further investigated our tracking data from Sweden to study loop
migration patterns in willow warblers. The term “loop migration” means that there
is a substantial difference between spring and autumn routes (Newton, 2008). As
expected, we found that willow warblers that follow the main flyways (western or
eastern) execute counterclockwise loops. Birds that follow the western flyway use
a detour following the western edge of Sahara Desert in autumn and execute a
shortcut by taking a more direct route in spring. In contrast, birds that follow the
eastern flyway take a direct route in autumn but carry out a substantial detour in
spring flying over the Arabian Peninsula. Most of the birds that wintered at
intermediate longitudes in Africa in general did not execute significant loops
(Figure 8). A few birds that wintered at intermediate longitudes carried out
clockwise loops and counterclockwise loops. We interpret this large variation in
spring migration patterns as evidence that that wintering at intermediate longitudes
in Africa entails less optimal options for spring migration. While birds wintering in
eastern and western Africa, each have optimal routes for spring migration, wintering
in central Africa impose a challenge and perhaps a survival cost. We did not find
any association of the extent of the loop and any of the three genetic markers we
studied.

DTW statistic

10 20
Winter longitude °E

Figure 8. Dynamic Time Warping statistic quantifying differences in shape of spring and autumn routes of willow
warblers relative to the wintering site longitude. The higher the DTW statistic the larger the difference between
spring and autumn routes (a). Typical loop patterns of western and eastern flyway willow warblers in orange and
blue correspondingly (b).
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Phenotypes and genotypes of yakutensis (Papers 1V, V, VI)

The following three papers are dedicated to studying the far eastern Siberian
subspecies yakutensis. In paper 1V we present migratory routes of willow warblers
breeding in far eastern Russia. The three birds from which we retrieved loggers
begun their migration by flying NW for circa two weeks before taking a turn south
to Tanzania and Mozambique (Figure 9a). Under a simple version of the “Clock
and Compass” hypothesis, these birds should have noticeable differences in the
migration direction genes compared to European trochilus and acredula that start
autumn migrations with flying SW and SE, respectively. A previous study based on
a 4,000 SNP array (Lundberg et al. 2017) however did not to find any genomic
differences between acredula and yakutensis. In paper V we compared a larger
sample of yakutensis with both European subspecies in terms of their genetic
variation at candidate loci for migration and morphological variation. We still did
not find any genetic differences between acredula and yakutensis (Figure 9b).
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Figure 9. Migration routes of three yakutensis males tracked from eastern Siberia (a) and haplotype networks for
Sanger sequenced segments of InvP-Chl and InvP-Ch5 (b). Each circle represents a unique haplotype. Green:
trochilus, blue: acredula, red: yakutensis. The sizes of the circles are proportional to the frequency of the haplotype
and branch lengths are proportional to divergence between haplotypes.

Our failure at first to find genetic differences between acredula and yakutensis may
have been caused by ascertainment bias. Up till this point, we had focused on loci
identified from comparing acredula and trochilus (Lundberg et al. 2017). During
the fieldwork in eastern Siberia (Papers IV and V), we obtained additional DNA
samples for genome resequencing that allowed us to compare the genomes of
yakutensis and acredula. We found that the genome wide differentiation is still
neglectable (Fs.= 0.004). However, after investigating the most differentiated SNPs
(with Fs above 0.7), we found that two of them were located within an exon of the
Elovl3 gene located on chromosome 6. We then took advantage of the vast
collection of willow warbler skins at the Zoological Museum of Moscow state
University and collected tissue samples (toe pads) of ~ 100 willow warblers
collected from breeding sites across entire Russia. We used a qPCR genotyping
protocol and processed the collected material. We found that at the ElovI3 gene, the
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far east Siberian willow warblers are nearly fixed for a specific eastern allele,
whereas in the western part of the range this allele occurs at a frequency of 1.5 %.
Spatial genetic analyses showed that the variation of Elovl3 changes gradually over
a wide cline, with the center located around the Yenisei River (Figure 10). In mice,
ElovI3 is involved in fat tissue accumulation and mice with suppressed ElovI3
expression must shiver more to stay warm (Zach-Avec et al., 2010). While one
needs to be cautious when extrapolating from a small rodent to a migratory bird, it
is plausible that the variation on ElovI3 in willow warblers is adaptive. Far eastern
willow warblers have different migration routes, with different stopovers and breed
in harsh conditions of Arctic Russia all of which possibly require adaptations
different from western populations. Whether Elovi3 is involved in migratory route
choice in willow warblers will remain unclear until it is possible to track and
genotype birds breeding in Yenisei region.

Figure 10. Extrapolation of genotype frequencies for the ElovI3 gene within the willow warbler breeding range. The
approximate breeding distribution of willow warblers used with courtesy of Birdlife International (slightly modified
by KS). Squares represent eastern homozygotes, triangles western homozygotes and circles heterozygotes. The
Yenisei River is drawn in blue. The locations overlap and the number of symbols therefore does not correspond to
the full sample size (n=311). Color gradient from light yellow to dark red shows increasing probability of
encountering E allele.
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Closing remarks

The ultimate goal for the research field explored with my thesis is to identify how
and which exact genes determine the migratory behavior of birds (Figure 11). So
far, the results of different studies when it comes to genes associated with migration
remain species specific. Lugo Ramos et al. (2017) attempted to separate migratory
and non-migratory bird species based on 25 candidate genes with no success. This
is both, frustrating and informative, however not at all surprising! Long distance
migration has independently evolved numerous times across the avian tree of life.
It is very likely that a single point mutation or small indel somewhere on any of the
many regulatory elements involved in genetic pathways that alter the migratory
behavior is enough to drastically change the entire migratory phenotype. In this
scenario, mutations do not have to happen on the exact same genomic region across
species, but instead must affect one or more of the relevant pathways.

It is clear that cultural inheritance and learning play a crucial role in the behaviors
of long lived socially migrating species (Méndez et al., 2021; Piersma, 2011;
Sutherland, 1998). The notion that songbirds such as willow warbler, truly migrate
without any social influence have been challenged (Bearhop & Evans, 2019).
However, since most of these migrations happen at nights and at altitudes far above
of what we can observe (Sjoberg et al., 2021), we cannot directly test it yet.
Nevertheless, “Emlen funnel” experiments on European blackcaps show a striking
overlap with the orientation of blackcaps tracked in wild (Berthold, 2003; Delmore
et al., 2020). Small songbirds typically live short lives (=1.5-2.5 years on average).
| therefore think that there is very little room for natural selection to improve the
capacity of learning and allowing large adjustments of migratory routes over
lifespan of one individual. With annual mortality of <50%, very few individuals will
have the opportunity to accumulate knowledge from multiple trips.

Ultimately, we (scientists interested in genetics of bird migration) must arrive to
general conclusions. In the foreseeable future, | think it will be most fruitful to
continue meticulously investigating a few already established solitarily migrating
model species such as e.g., the willow warbler, the Swainson’s thrush Catharus
ustulatus, the Vermivora warblers and Eurasian blackcap. After we have learned
more details of the inheritance patterns and shortlisted solid candidate genes in
several species, we can begin to search for similarities that likely will not lay on
exact orthologue genes but rather will be associated with the same pathways.

Studies that associate phenotypes with genotypes (this thesis included) do not have
the power to describe proximal mechanisms of how the phenotype is determined.
At the end of the day, ornithologists will have to collaborate with molecular
biologists and systems biologists to carry out gene editing/knockout experiments on
captive birds, preferably hatched in laboratory, free of bias from maternal effects. |
think work on studying bird navigation mechanisms is crucial as well, because this
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will help us to understand what are the traits of the migratory behavior that need to
be measured (is it the distance, the natal inclination angle, preferred magnetic
intensity gradient, or something else?). Work on the avian sensory systems will also
be of utmost importance as this will allow us to better understand what information
the birds are capable to perceive from all that the environment presents (this is
especially important for the components of the earth’s magnetic field).

Next steps for the willow warbler system

Results of my thesis show that one single locus (MARB-a) has an immense effect
on migration direction. We only know that it is a large (>12 Mb) block dominated
by repeated DNA elements. My fellow PhD student Violeta Caballero-Lopez
currently is spearheading work on identifying the exact location of MARB-a on the
willow warbler genome. After that, work can begin to investigate the genes flanking
this region. Our findings after studying migratory divide in Sweden are (at least to
me) stunningly clear. However, the willow warbler system presents us with two
more migratory divides (one in eastern Europe and one on Aland archipelago) where
acredula and trochilus meet and interbreed just as in Sweden. Tracks of genotyped
birds from the two other migratory divides will show us how robust the association
between MARB-a and migration direction truly is. This work has already begun by
deploying geolocators on birds in Poland and Lithuania in summer of 2022 that will
be harvested in spring of 2023. Work in the Aland archipelago is already planned
and will start in the spring of 2023.

A limitation in studying willow warblers and all other small songbirds is that it is
not yet possible to efficiently track juvenile birds on their first trip. But | do think
that that the inferences we draw from studying adults will remain very relevant.

I entered the study of bird migration with a genuine sense of awe and wonder. Now
that I am about to graduate with a doctoral degree, | feel an even greater sense of
wonder and excitement of discoveries that lay ahead!
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Figure 11. Me and Staffan somewhere in Jamtland, searching for bird migration genes. Photo: Harald Ris.

34



Acknowledgements

First and foremost, |1 wish to truly thank Staffan Bensch for being the best
supervisor any student could hope to have! When the time comes for me to be an
independent researcher and supervisor | will often think, what would Staffan do.
Time spent with the “willow warbler team” has given me fond memories beyond
count! Thanks to Max Lundberg (AKA “Mad Max”) for being the bioinformatics
powerhouse and lighting up the day with jokes no one else could come up with!
Thanks to Violeta Caballero-Lopez (AKA “Big-V”) for paralleling and surpassing
my own recklessness. Thanks to Harald Ris (AKA “G-Rice”) for teaching me how
to birdwatch, being a calm mature and skilled field ornithologist and for tolerating
all the mean jokes you did not deserve but received! Thanks to Tianhao Zhao (AKA
“Beast from da East”) for being an enthusiastic and motivated student with a
refreshing sense of humor! Thanks to my ex-office mate Mikkel Willemoes for
teaching me the nuts and bolts of handling geolocator data and sharing hours and
hours in office listening to Death, Black, Symphonic and Thrash Metal, no one after
you came even close to how cool it was! Thanks to Eric Warrant for being such a
cheerful and inspiring examiner! Thanks to Susanne Akesson for co-supervision
and advice along the way. Thanks to Charlie Cornwallis for being my mentor and
someone to chat with about fishing and statistics. Thanks to Sissel Sjoberg for great
advice and all the migration meetings! Thanks to Kasper Thorup for often crossing
the bridge and engaging in migration meetings, it’s been fun. Thanks to Arne
Andersson for technical advice and occasional home crafted pizzas! Thanks to Ake
Lindstrom for letting me have some of that Ammarnds experience. Dennis
Hasselquist for welcoming me to Kvismaren. Major thanks to Thomas Alerstam
for being a genuine source of inspiration, for always finding meaningful and
encouraging things to say even on my darkest days and of course for stimulating
scientific discussions! It has been a privilege to share the Biology Department of
Lund university with all the other PhD students, peer support and sense of belonging
is important. Especially thanks to Linus Hedh (for many things, will list just a few,
letting me crash your couch when | was homeless, great paper discussions in
Arimans and most importantly showing me that waders also have behavior), David
Gomez Blanco (for countless Magic the Gathering nights), Elsie (Ye) Xiong (for
all the laughter, dumplings and gin), Samantha (for laughing sooo hard, you made
me believe I’'m funny), Gintaras Malmiga (for teaching me how to catch a great
reed warbler), Homa (for wise advice in science and matters of life whenever 1
needed some). Thank you Alessia for proof checking. Thanks to Sofie Nilén for
friendly kicks and punches every now and then as well as moshing together at the
slipknot show, was cool. And of course for teaching me how to catch odonates! |
want to express sincere gratitude to Prof. Sven Jakobsson for being my first true
academic mentor and introducing willow warblers in my life. While working for
Sven | had the wonderful chance to meet and learn from Nils-Ake Andersson, thank
you for those bird walks in Abisko and the fika chocolates you always carid in your

35


https://portal.research.lu.se/sv/persons/sofie-nil%C3%A9n

pocket, | learned a lot from you! Thanks to welcoming atmosphere at Uppsala
Universities Jochen Wolf’s lab and especially Matthias Weissensteiner for
exposing introducing to world of genomics and accompanying me in that bog where
we found bear tracks, that was cool! These years in Lund have been interspersed
with frequent and super fun visits to Uppsala and all the associated shenanigans with
my bird-analphabetic friends: Ahmad, Alessio, Delyan, David, Feben, Afifa,
Marika, Katerina, Francesca, Gilberto et al. Sincere thanks to colleagues from
Russia that helped me to live an adventure of a lifetime, welcomed me and Harald
in Chaun field station in eastern Chukotka: Diana Solovyeva, Sergey Vartanyan,
Daria Barykina, Anastasia Mylnikova, Evgenia Kornilova, Stepa Ivanov, Gleb
Danilov et al. Special thanks to Emma and Anatoliy and their grandchild Toljik
who kindly hosted me and Harald in their cabin on Ayopechan island for two
fantastic summers. It felt like having true grandparents while up there. | full
heartedly want to thank Janis Suveizda who was my teacher in high school and got
me involved in bird research! Paldies Jani, patiesam liels paldies. Bez tevis es
visdrizak tagad butu iestrédzis garlaiciga ofisa darba un nemaz nenojaustu ka es
varétu but bijis putnu p&tnieks! Special thanks also to Inrikis Krams for exposing
me to the world of science! Thanks also to you Mahsa for all the patience and
support! And last but not the least thanks to my family, my mom Regina who raised
me into a nature loving kid and always encouraged my explorative tendencies.
Paldis mam! Thanks to my brother Janis! Paldis ka riipajis par satu i paleidz mamai,
bez Tevis man nabiutu tik vigli celot pa pasauli i kert putnis. Paldis arT munam tatai
Valdim par munis pasapzinis celSonu jau nu barna kojis, es bizi vin lelu izvielu
priksa damoju pi seva kai es uzavastu ja Tjata vartas iz mani tagad.

36



References

Akesson, S., llieva, M., Karagicheva, J., Rakhimberdiev, E., Tomatoni, B., & Helm, B.
(2017). Timing avian long-distance migration: From internal clock mechanisms to
global flights. Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences, 372. http://dx.doi.org/10.1098/rsth.2016.0252

Akesson, S., Morin, J., Muheim, R., & Ottosson, U. (2001). Avian orientation at steep
angles of inclination: Experiments with migratory white—crowned sparrows at the
magnetic North Pole. https://doi.org/doi 10.1098/rspb.2001.1736

Akesson, S., Morin, J., Muheim, R., & Ottosson, U. (2005). Dramatic orientation shift of
white-crowned sparrows displaced across longitudes in the high arctic. Current
Biology, 15(17), 1591-1597. https://doi.org/10.1016/j.cub.2005.07.027

Albert, V., Jénsson, B., & Bernatchez, L. (2006). Natural hybrids in Atlantic eels (Anguilla
anguilla, A. rostrata): Evidence for successful reproduction and fluctuating
abundance in space and time. Molecular Ecology, 15(7), 1903-1916.
https://doi.org/10.1111/j.1365-294X.2006.02917.x

Alerstam, T., Hedenstrém, A., & Akesson, S. (2003). Long-distance migration: Evolution
and determinants. Oikos, 103(2), 247-260.

Alerstam, T., & Hogstedt, G. (1983). The role of the geomagnetic field in the development
of birds’ compass sense. Nature, 306(5942), 463-465.
https://doi.org/10.1038/306463a0

Bazzi, G., Cecere, J. G., Caprioli, M., Gatti, E., Gianfranceschi, L., Podofillini, S.,
Possenti, C. D., Ambrosini, R., Saino, N., Spina, F., & Rubolini, D. (2016). Clock
gene polymorphism, migratory behaviour and geographic distribution: A
comparative study of trans-Saharan migratory birds. Molecular Ecology, 25(24),
6077-6091. https://doi.org/10.1111/mec.13913

Bearhop, S., & Evans, S. (2019). Moving together: Social decision making in avian
migration. Programme and Abstracts, 48. https://conference.eounion.org/2019/

Bensch, S. (1999). Is the Range Size of Migratory Birds Constrained by Their Migratory
Program? Journal of Biogeography, 26, 1225-1235.

Bensch, S., Akesson, S., & Irwin, D. E. (2002). The use of AFLP to find an informative
SNP Genetic differences across a migratory divide in willow warbler. Molecular
Ecology, 11, 2359-2366.

Bensch, S., Grahn, M., Muller, N., Gay, L., & Akesson, S. (2009). Genetic, morphological,
and feather isotope variation of migratory willow warblers show gradual divergence
in a ring. Molecular Ecology, 18(14), 3087-3096. https://doi.org/10.1111/j.1365-
294X.2009.04210.x

Berthold, P. (1991). Genetic Control of Migratory Behaviour in Bird. TREE, 6(8), 6-9.

37



Berthold, P. (1999). A comprehensive theory for the evolution, control and adaptability of
avian migration. Ostrich: Journal of African Ornithology, 37-41.

Berthold, P. (2003). Genetic Basis and Evolutionary Aspects of Bird Migration. Advances
in the Study of Behavior, 33, 175-229. https://doi.org/10.1016/S0065-
3454(03)33004-9

Berthold, P., Gwinner, E., & Sonnenschein, E. (2003). Avian Migration.
https://doi.org/10.1007/978-3-662-05957-9

Berthold, P., & Helbig, A. J. (1992). The genetics of bird migration: Stimulus, timing, and
direction. Ibis, 134, 35-40. https://doi.org/10.1111/j.1474-919X.1992.th04731.x

Bdhning-Gaese, K., Gonzalez-Guzman, L. ., & Brown, J. H. (1998). Constraints on
dispersal and the evolution of the avifauna of the Northern Hemisphere. Evolutionary
Ecology, 12, 767-783.

Bossu, C. M., Heath, J. A., Kaltenecker, G. S., Helm, B., & Ruegg, K. C. (2022). Clock-
linked genes underlie seasonal migratory timing in a diurnal raptor. Proceedings of
the Royal Society B: Biological Sciences, 289(1974), 20212507.
https://doi.org/10.1098/rspb.2021.2507

Bostrom, J. E., Akesson, S., & Alerstam, T. (2012). Where on earth can animals use a
geomagnetic bi-coordinate map for navigation? Ecography, 35(11), 1039-1047.
https://doi.org/10.1111/j.1600-0587.2012.07507.x

Caballero-Lopez, V., Lundberg, M., Sokolovskis, K., & Bensch, S. (2022). Transposable
elements mark a repeat-rich region associated with migratory phenotypes of willow
warblers (Phylloscopus trochilus). Molecular Ecology, 31(4), 1128-1141.
https://doi.org/10.1111/mec.16292

Chamberlain, C. P., Bensch, S., Feng, X., Akesson, S., & Andersson, T. (2000). Stable
isotopes examined across a migratory divide in Scandinavian willow warblers
(Phylloscopus trochilus trochilus and Phylloscopus trochilus acredula) reflect their
African winter quarters. Proceedings of the Royal Society B: Biological Sciences,
267(1438), 43-48. https://doi.org/10.1098/rspbh.2000.0964

Chernetsov, N., Berthold, P., & Querner, U. (2004). Migratory orientation of first-year
white storks (Ciconia ciconia): Inherited information and social interactions. The
Journal of Experimental Biology, 207(Pt 6), 937-943.
https://doi.org/10.1242/jeb.00853

Chernetsov, N., Pakhomov, A., Kobylkov, D., Kishkinev, D., Holland, R. A., &
Mouritsen, H. (2017). Migratory Eurasian Reed Warblers Can Use Magnetic
Declination to Solve the Longitude Problem. Current Biology, 27(17), 2647-2651.e2.
https://doi.org/10.1016/j.cub.2017.07.024

Cikovi¢, D., Barisié, S., Hahn, S., Tuti§, V., Kralj, J., & Briedis, M. (2021). Tracking
migration of black-headed buntings Emberiza melanocephala reveals the Iranian
Plateau as an ecological barrier along the Indo-European flyway. Journal of Avian
Biology, 52(12), 1-11. https://doi.org/10.1111/jav.02783

Delmore, K. E., Toews, D. P. L., Germain, R. R., Owens, G. L., & Irwin, D. E. (2016).
The Genetics of Seasonal Migration and Plumage Color. Current Biology, 26, 1-7.
https://doi.org/10.1016/j.cub.2016.06.015

38



Delmore, K., lllera, J. C., Pérez-Tris, J., Segelbacher, G., Lugo Ramos, J. S., Durieux, G.,
Ishigohoka, J., & Liedvogel, M. (2020). The evolutionary history and genomics of
European blackcap migration. ELife, 9, 1-24. https://doi.org/10.7554/eL ife.54462

Dennis, T. E., Rayner, M. J., & Walker, M. M. (2007). Evidence that pigeons orient to
geomagnetic intensity during homing. Proceedings of the Royal Society B: Biological
Sciences, 274(1614), 1153-1158. https://doi.org/10.1098/rspb.2007.3768

Dufour, P., Descamps, S., Chantepie, S., Renaud, J., Guéguen, M., Schiffers, K., Thuiller,
W., & Lavergne, S. (2020). Reconstructing the geographic and climatic origins of
long-distance bird migrations. Journal of Biogeography, 47(1), 155-166.
https://doi.org/10.1111/jbi.13700

Emlen, S. T. (1975). The stellar-orientation system of a migratory bird. Scientific
American. 233(2), 102-111.

Erni, B., Liechti, F., & Bruderer, B. (2005). The role of wind in passerine autumn
migration between Europe and Africa. Behavioral Ecology, 16(4), 732—740.
https://doi.org/10.1093/beheco/ari046

Fox, J. W. (2021). Intigeo® series geolocator. Migrate Technology Ltd, 12 Brookfield Rd,
Coton, Cambridge, CB23 7PT, UK.

Fransson, T., Jakobsson, S., Johansson, P., Kullberg, C., Lind, J., & Vallin, A. (2001).
Magnetic cues trigger extensive refuelling. Nature, 414(November), 35-36.

Gao, B., Wotton, K. R., Hawkes, W. L. S., Menz, M. H. M., Reynolds, D. R., Zhai, B. P.,
Hu, G., & Chapman, J. W. (2020). Adaptive strategies of high-flying migratory
hoverflies in response to wind currents: Flight behaviour of migrant hoverflies.
Proceedings of the Royal Society B: Biological Sciences, 287(1928).
https://doi.org/10.1098/rspb.2020.0406rspb20200406

Gaston, A. J., Hashimoto, Y., & Wilson, L. (2015). First evidence of east-west migration
across the North Pacific in a marine bird. Ibis, 157(4), 877-882.
https://doi.org/10.1111/ibi.12300

Gould, S. J., & Lewontin, R. C. (1979). The Spandrels of San Marco and the Panglossian
Paradigm: A Critique of the Adaptationist Programme. Proceedings of the Royal
Society B: Biological Sciences, 205(1161), 581-598.
https://doi.org/10.1098/rspb.1979.0086

Gu, Z., Pan, S., Lin, Z., Hu, L., Dai, X., Chang, J., Xue, Y., Su, H., Long, J., Sun, M.,
Sergey, G., Sokolov, V., Sokolov, A., Pokrovsky, 1., Fen, J., Bruford, M. W., Dixon,
A., & Xiangjiang, Z. (2021). Climate-driven flyway changes and memory-based
long-distance migration. Nature, 591(March), 259-264.
https://doi.org/10.1038/s41586-021-03265-0

Gwinner, E., & Wiltschko, W. (1978). Endogenously controlled changes in migratory
direction of the garden warbler, Sylvia borin. Journal of Comparative Physiology o
A, 125(3), 267-273. https://doi.org/10.1007/BF00656605

Gwinner, E., & Wiltschko, W. (1980). Circannual changes in migratory orientation of the
garden warbler, Sylvia borin. Behavioral Ecology and Sociobiology, 7(1), 73-78.
https://doi.org/10.1007/BF00302521

Gwinner, E. (1972). Endogenous Timing Factors in Bird Migration. Animal Orientation
and Navigation, 321-338.

39



Hahn, S., Bauer, S., & Liechti, F. (2009). The natural link between Europe and Africa on
migration. November 2008, 624—626. https://doi.org/10.1111/j.1600-
0706.2008.17309.x

Hedenstrom, A., & Pettersson, J. (1987). Migration routes and wintering areas of Willow
Warblers Phylloscopus trochilus (L.) ringed in Fennoscandia. Ornis Fennica, 64,
137-143.

Helbig, A. J. (1991). Inheritance of migratory direction in a bird species: A cross-breeding
experiment with SE- and SW-migrating blackcaps (Sylvia atricapilla). Behav Ecol
Sociobio, 28, 9-12.

Helbig, A. J. (1996). Genetic basis, mode of inheritance and evolutionary changes of
migratory directions in palearctic warblers (Aves: Sylviidae). Journal of
Experimental Biology, 199(1), 49-55.

Hewson, C. M., Thorup, K., Pearce-Higgins, J. W., & Atkinson, P. W. (2016). Population
decline is linked to migration route in the Common Cuckoo. Nature
Communications, 7, 1-8. https://doi.org/10.1038/ncomms12296

Hou, X. G., Siveter, D. J., Aldridge, R. J., & Siveter, D. J. (2008). Collective behavior in
an early Cambrian arthropod. Science, 322(5899), 224.
https://doi.org/10.1126/science.1162794

Jaeger, E. C. (1948). Does the Poor-will ‘hibernate’? Condor, 50, 45-46.
Kimura, M. (1968). Evolutionary rate at the molecular level. Nature, 217, 624-626.

Kinzelbach, R. K. (2004). The distribution of the serin (Serinus serinus L., 1766) in the
16th century. Journal of Ornithology, 145(3), 177-187.
https://doi.org/10.1007/s10336-004-0038-5

Kirschvink, J. L., & Gould, J. L. (1981). Biogenic magnetite as a basis for magnetic field
detection in animals. Biosystems, 13(3), 181-201. https://doi.org/10.1016/0303-
2647(81)90060-5

Kishkinev, D., Chernetsov, N., Pakhomov, A., Heyers, D., & Mouritsen, H. (2015).
Eurasian reed warblers compensate for virtual magnetic displacement. Current
Biology, 25(19), R822—-R824. https://doi.org/10.1016/j.cub.2015.08.012

Larson, K. W., Liedvogel, M., Addison, B., Kleven, O., Laskemoen, T., Lifjeld, J. T.,
Lundberg, M., Akesson, S., & Bensch, S. (2014). Allelic variation in a willow
warbler genomic region is associated with climate clines. PLoS ONE, 9(5), 1-7.
https://doi.org/10.1371/journal.pone.0095252

Lerche-Jgrgensen, M., Willemoes, M., Tattrup, A. P., Rachel, K., & Snell, S. (2017). No
apparent gain from continuing migration for more than 3000 kilometres: Willow
warblers breeding in Denmark winter across the entire northern Savannah as revealed
by geolocators. Movement Ecology, 5(17), 1-7. https://doi.org/10.1186/s40462-017-
0109-x

Liedvogel, M., Akesson, S., & Bensch, S. (2011). The genetics of migration on the move.
Trends in Ecology and Evolution, 26(11), 561-569.
https://doi.org/10.1016/j.tree.2011.07.009

40



Liedvogel, M., Larson, K. W., Lundberg, M., Gursoy, A., Wassenaar, L. I., Hobson, K. A.,
Bensch, S., & Akesson, S. (2014). No evidence for assortative mating within a
willow warbler migratory divide. Frontiers in Zoology, 11(52), 1-9.
https://doi.org/10.1186/s12983-014-0052-2

Lugo Ramaos, J. S., Delmore, K. E., & Liedvogel, M. (2017). Candidate genes for
migration do not distinguish migratory and non-migratory birds. Journal of
Comparative Physiology. A, Neuroethology, Sensory, Neural, and Behavioral
Physiology, 203(6-7), 383-397. https://doi.org/10.1007/s00359-017-1184-6

Lundberg, M., Liedvogel, M., Larson, K., Sigeman, H., Grahn, M., Wright, A., Akesson,
S., & Bensch, S. (2017). Genetic differences between willow warbler migratory
phenotypes are few and cluster in large haplotype blocks. Evolution Letters, 1(3), 1—-
14. https://doi.org/10.1002/evI3.15

Lundberg, M., Mackintosh, A., Petri, A., & Bensch, S. (2023). Inversions maintain
differences between migratory phenotypes of a songbird. Nature Communications,
14(1), Article 1. https://doi.org/10.1038/s41467-023-36167-y

Mayr, E. (1926). Die Ausbreitung des Girlitz (Serinus canaria serinus L,). 4.

Méndez, V., Gill, J. A., Pdrisson, B., Vignisson, S. R., Gunnarsson, T. G., & Alves, J. A.
(2021). Paternal effects in the initiation of migratory behaviour in birds. Scientific
Reports, 11(1), Article 1. https://doi.org/10.1038/s41598-021-81274-9

Mouritsen, H. (2018). Long-distance navigation and magnetoreception in migratory
animals. Nature, 558(7708), 50-59. https://doi.org/10.1038/541586-018-0176-1

Naef-Daenzer, B. (2007). An allometric function to fit leg-loop harnesses to terrestrial
birds. Journal of Avian Biology, 38(3), 404-407.
https://doi.org/10.1111/j.2007.0908-8857.03863.x

Natan, E., & Vortman, Y. (2017). The symbiotic magnetic-sensing hypothesis: Do
Magnetotactic Bacteria underlie the magnetic sensing capability of animals?
Movement Ecology, 5(1), 22. https://doi.org/10.1186/s40462-017-0113-1

Newton, 1. (2008). The migration ecology of birds. Academic Press Elsevier.

Nieves-Rivera, A. M., & Williams, E. H. (2003). Annual migrations and spawning of
Coenobita clypeatus (Herbst) on Mona Island (Puerto Rico) and notes on inland
crustaceans. Crustaceana, 76(5), 547-558.
https://doi.org/10.1163/156854003322316191

Papi, F., Luschi, P., Akesson, S., Capogrossi, S., & Hays, G. C. (2000). Open-sea
migration of magnetically disturbed sea turtles. Journal of Experimental Biology,
203(22), 3435-3443.

Paradis, E., Baillies, S. R., Sutherland, W. J., & Gregory, R. D. (1998). Patterns of natal
and breeding dispersal in birds. Journal of Animal Ecology, 67(4), 518-536.
https://doi.org/10.1046/j.1365-2656.1998.00215.x

Parody-Merino, A. M., Battley, P. F., Conklin, J. R., & Fidler, A. E. (2019). No evidence
for an association between Clock gene allelic variation and migration timing in a
long-distance migratory shorebird (Limosa lapponica baueri). Oecologia, 191(4),
843-859. https://doi.org/10.1007/s00442-019-04524-8

41



Pavlova, A., Zink, R. M., & Rohwer, S. (2005). Evolutionary history, population genetics,
and gene flow in the common rosefinch (Carpodacus erythrinus). Molecular
Phylogenetics and Evolution, 36(3), 669-681.
https://doi.org/10.1016/j.ympev.2005.02.010

Perdeck, A. C. (1958). Two types of orientation in migratory starlings, Sturnus vulgaris L.,
and chaffinches, Fringilla coelbes L., as revealed by displacement experiments.
Ardea, 46(1-2), 1-37.

Perdeck, A. C. (1967). Orientation of Starlings after displacement to Spain. Ardea,
55(1958), 93-104.

Piersma, T. (2011). Flyway evolution is too fast to be explained by the modern synthesis:
Proposals for an ‘extended’ evolutionary research agenda. Journal of Ornithology,
152(1), 151-159. https://doi.org/10.1007/s10336-011-0716-z

Piersma, T., Loonstra, A. H. J., Verhoeven, M. A., & Oudman, T. (2020). Rethinking
classic starling displacement experiments: Evidence for innate or for learned
migratory directions? Journal of Avian Biology, 1-7.
https://doi.org/10.1111/jav.02337

Pinzon-Rodriguez, A., Bensch, S., & Muheim, R. (2018). Expression patterns of
cryptochrome genes in avian retina suggest involvement of Cry4 in light-dependent
magnetoreception. Journal of The Royal Society Interface, 15(140), 20180058.
https://doi.org/10.1098/rsif.2018.0058

Rabgl, J. (1978). One-direction orientation versus goal area navigation in migratory birds.
68(3), 571-573.

Rappole, J. (2013). Evolution and Biogeogrpahy. In The Avian Migrant (pp. 231-269).
Columbia University Press.

Ruegg, K. C., & Smith, T. B. (2002). Not as the crow flies: A historical explanation for
circuitous migration in Swainson’s thrush (Catharus ustulatus). Proceedings of the
Royal Society of London. Series B: Biological Sciences, 269(1498), 1375-1381.
https://doi.org/10.1098/rspb.2002.2032

Salomonsen, F. (1928). Die geographische Variation des Phylioscopns trochilus (L.).
Journal Fur Ornithologie, 3, 451-461.

Salomonsen, F. (1955). THE EVOLUTIONARY SIGNIFICANCE OF BIRD-
MIGRATION. Det Kongelige Danske Videnskabernes Selskab Biologiske
Meddelelser, 22(6). https://doi.org/10.3389/fphys.2013.00309

Sanchez-donoso, ., Ravagni, S., Webster, M. T., Leonard, J. A., Vila, C., Christmas, M. J.,
& Huang, Y. (2022). Massive genome inversion drives coexistence of divergent
morphs in common quails. Current Biology, 32, 462-469.
https://doi.org/10.1016/j.cub.2021.11.019

Shirihai, H., & Svensson, L. (2018). Handbook of Western Palearctic Birds. Helm.

Sjoberg, S., Malmiga, G., Nord, A., Andersson, A., Badckman, J., Tarka, M., Willemoes,
M., Thorup, K., Hansson, B., Alerstam, T., & Hasselquist, D. (2021). Extreme
altitudes during diurnal flights in a nocturnal songbird migrant. Science, 372(6542),
646-648. https://doi.org/10.1126/science.abe7291

42


https://doi.org/10.1111/jav.02337

Sokolovskis, K., Bianco, G., Willemoes, M., Solovyeva, D., Bensch, S., & Akesson, S.
(2018). Ten grams and 13,000 km on the wing — route choice in willow warblers
Phylloscopus trochilus yakutensis migrating from Far East Russia to East Africa.
Movement Ecology, 6(20), 1-10.

Sokolovskis, K., Lundberg, M., Liedvogel, M., Solovyeva, D., & Akesson, S. (2019).
Phenotypic and genetic characterization of the East Siberian Willow Warbler (
Phylloscopus trochilus yakutensis Ticehurst , 1935 ) in relation to the European
subspecies. Journal of Ornithology. https://doi.org/10.1007/s10336-019-01653-y

Sokolovskis, K., Lundberg, M., Susanne, A., Willemoes, M., Zhao, T., Caballero-Lopez,
V., & Bensch, S. (2023). Migration direction in a songbird explained by two loci.
Nature Communications, 14(165). https://doi.org/10.1038/s41467-023-35788-7

Stresemann, E. (1947). Baron VVon Pernau, Pioneer student of bird behaviour. Auk, 64, 35—
52.

Suarez, C. A., You, H. L., Suarez, M. B., Li, D. Q., & Trieschmann, J. B. (2017). Stable
Isotopes Reveal Rapid Enamel Elongation (Amelogenesis) Rates for the Early
Cretaceous lguanodontian Dinosaur Lanzhousaurus magnidens. Scientific Reports,
7(1), 1-8. https://doi.org/10.1038/s41598-017-15653-6

Sutherland, W. J. (1998). Evidence for flexibility and constraint in migration systems.
Journal of Avian Biology, 29(4), 441-446.

Thorup, K., Bisson, I. A., Bowlin, M. S., Holland, R. A., Wingfield, J. C., Ramenofsky,
M., & Wikelski, M. (2007). Evidence for a navigational map stretching across the
continental U.S. in a migratory songbird. Proceedings of the National Academy of
Sciences of the United States of America, 104(46), 18115-18119.
https://doi.org/10.1073/pnas.0704734104

Thorup, K., Ortvad, T. E., Rabgl, J., Holland, R. A., Tettrup, A. P., & Wikelski, M. (2011).
Juvenile Songbirds Compensate for Displacement to Oceanic Islands during Autumn
Migration. PLOS ONE, 6(3), e17903. https://doi.org/10.1371/journal.pone.0017903

Toews, D. P. L., Taylor, S. A,, Streby, H. M., Kramer, G. R., & Lovette, I. J. (2019).
Selection on VPS13A linked to migration in a songbird. 13-15.
https://doi.org/10.1073/pnas.1909186116

Veen, T., Svedin, N., Forsman, J. T., Hjernquist, B., Hjernquist, K. A. T., Tra, J.,
Qvarnstro, A., & Klaassen, M. (2007). Does migration of hybrids contribute to post-
zygotic isolation in flycatchers? November 2006, 707-712.
https://doi.org/10.1098/rspb.2006.0058

Verhoeven, M., & Loonstra, J. (2020). On the behaviour and ecology of the Black-tailed
Godwit [Thesis fully internal (DIV), University of Groningen].
https://doi.org/10.33612/diss.147165577

Webster, M. S., Marra, P. P., Haig, S. M., Bensch, S., & Holmes, R. T. (2002). Links
between worlds: Unraveling migratory connectivity. Trends in Ecology and
Evolution, 17(2), 76-83. https://doi.org/10.1016/S0169-5347(01)02380-1

Wilkinson, G. S., & Fleming, T. H. (1996). Migration and evolution of lesser longnosed
bats Lepfonycteris curasoae , inferred from mitochondrial DNA. 5, 329-339.

43



Willemoes, M., Strandberg, R., Klaassen, R. H. G., Tattrup, A. P., Vardanis, Y., Howey, P.
W., Thorup, K., Wikelski, M., & Alerstam, T. (2014). Narrow-Front Loop Migration
in a Population of the Common Cuckoo Cuculus canorus, as Revealed by Satellite
Telemetry. 9(1), 1-9. https://doi.org/10.1371/journal.pone.0083515

Winger, B. M., Auteri, G. G., Pegan, T. M., & Weeks, B. C. (2018). A long winter for the
Red Queen: Rethinking the evolution of seasonal migration. Biological Reviews.
https://doi.org/10.1111/brv.12476

Winger, B. M., Barker, F. K., & Ree, R. H. (2014). Temperate origins of long-distance
seasonal migration in New World songbirds. Proceedings of the National Academy
of Sciences of the United States of America, 111(33), 12115-12120.
https://doi.org/10.1073/pnas.1405000111

Winger, B. M., Lovette, I. J., & Winkler, D. W. (2012). Ancestry and evolution of seasonal
migration in the Parulidae. July 2011, 610-618.
https://doi.org/10.1098/rspb.2011.1045

Wynn, J., Padget, O., Mouritsen, H., Morford, J., Jaggers, P., & Guilford, T. (2022).
Magnetic stop signs signal a European songbird’s arrival at the breeding site after
migration. 449(January), 446-449.

Wynn, J., Padget, O., Mouritsen, H., Perrins, C., & Guilford, T. (2020). Natal imprinting to
the Earth’s magnetic field in a pelagic seabird. Current Biology, 30(14), 2869-
2873.e2. https://doi.org/10.1016/j.cub.2020.05.039

Zach-Avec, D., Brolinson, A., Fisher, R. M., Carneheim, C., Csikasz, R. I., Bertrand-
Michel, J., Borén, J., Guillou, H., Rudling, M., & Jacobsson, A. (2010). Ablation of
the very-long-chain fatty acid elongase ELOVL3 in mice leads to constrained lipid
storage and resistance to diet-induced obesity. The FASEB Journal, 24(11), 4366—
4377. https://doi.org/10.1096/fj.09-152298

Zhao, T., llieva, M., Larson, K., Lundberg, M., Neto, J. M., Sokolovskis, K., Akesson, S.,
& Bensch, S. (2020). Autumn migration direction of juvenile willow warblers
(Phylloscopus t. Trochilus and P. t. Acredula) and their hybrids assessed by gPCR
SNP genotyping. Movement Ecology, 8(1), 1-10. https://doi.org/10.1186/s40462-
020-00209-7

44






List of Papers

I. Sokolovskis K., Lundberg M., Akesson S., Willemoes M., Zhao T.,
Caballero-Lopez V., Bensch S. Migration direction in a songbird
explained by two loci. (2023) Nature Communications.

Il. Sokolovskis K., Caballero- Lopez V., Akesson S., Lundberg M.,
Willemoes M., Zhao T., Bensch S. Day time migration patterns in
willow warblers differ between the western and eastern flyway.
Submitted.

Ill. Sokolovskis K., Caballero- Lopez V., Akesson S., Lundberg M., Wil-
lemoes M., Zhao T., Bensch S., Loop migration patterns in Swedish
Willow Warblers. Manuscript.

IV. Sokolovskis K., Lundberg M., Liedvogel M., Akesson S., Solovyeva
D., Willemoes M., Bensch S., Phenotypic and genetic characteri-
zation of the East Siberian Willow Warbler (Phylloscopus trochilus
yakutensis Ticehurst, 1935) in relation to the European subspeaes
(2019) Journal of Ornithology.

V. Sokolovskis K., Bianco G., Willemoes,M., Solovyeva D., Bensch S. &
Akesson S. Ten grams and 13, 000 km on the wing — route choice
in willow warblers Phylloscopus trochilus yakutensis migrating from
Far East Russia to East Africa. (2018) Movement Ecology.

~VI. Lundberg M., Sokolovskis K, Zhao T., Red’kin Y., Bensch S. Genomic
divergence between Scandinavian and East Siberian willow war-
. blers Phylloscopus trochilus. Manuscript. ,

Department of Biology
Faculty of Science

|SBN‘978 91 8039-568-7
By

Y
vy

KD
—m
— )
)
=o
—t]
-
—0\

.)’-



	Tom sida
	339275_2_G5_Kristaps S.pdf
	Paper I.pdf
	Migration direction in a songbird explained by two loci
	Results
	Discussion
	Methods
	Ethics statement
	Field work
	Geolocator data treatment
	Laboratory work and molecular data extraction
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information


	Paper IV.pdf
	Phenotypic and genetic characterization of the East Siberian Willow Warbler (Phylloscopus trochilus yakutensis Ticehurst, 1935) in relation to the European subspecies
	Abstract
	Zusammenfassung
	Introduction
	Methods
	Sampling
	DNA extraction and genotyping
	Molecular analysis
	Stable isotope analysis

	Results
	Morphometrics and plumage
	Stable isotopes
	Genotypes

	Discussion
	Acknowledgements 
	References


	Paper V.pdf
	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	GLS tracking data
	Route simulations

	Discussion
	Conclusions
	Methods
	Study species
	Study site and field work
	Preparation of light logger data
	Route simulations

	Additional file
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

	Tom sida
	Tom sida




