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a  b  s  t  r  a  c  t

Topography  and  historical  range  expansion  has  formed  a  so-called  migratory  divide  between  two  sub-
species  of  willow  warbler  (Phylloscopus  trochilus)  in  central  Scandinavia.  The  autumn  migratory  directions
of individuals  assigned  molecularly  to both  subspecies  and  possible  hybrids  were  recorded  using  orienta-
tion  cage  experiments  in southwest  and  southeast  Sweden.  We  found  pronounced  differences  in willow
warblers’  orientation  in  respect  to  genotype.  The  mean  directions  registered  in  the  control  experiments
were  in  accordance  with  the  ringing  recoveries  and  analyses  of  stable  isotopes  for  Scandinavian  willow
warblers.  With  the  same  individuals  we  performed  displacement  experiments  between  both  sites.  They
resulted  in  non-significant  orientation,  which  could  be explained  by  the  intermediate  distance  of  the dis-
placement  or reactions  to housing,  transportation  and  location.  On  a  separate  set  of  birds  we tested
ubspecies
illow warbler

whether  stress  following  transportation  could  explain  the  disorientation  and  found  that  orientation
before  and  after  transport  was  unchanged.  Experimental  studies  of  effects  of intermediate  displacements
across  longitudes  and  studies  of  orientation  of hybrid  individuals  in the  zones  of  migratory  divides  are
crucial  for understanding  the mechanisms  underlying  orientation  behaviour.  Our work  further  stresses
the importance  of knowing  the  migration  genotype  of  a particular  bird  under  study,  in  order  to  correctly
evaluate  expected  migration  routes.
. Introduction

Despite extensive research in avian migration and orientation
here are still many unanswered questions regarding the migra-
ory programme of birds. Migratory directions of bird populations

ay  reflect their historical range expansion (Ruegg and Smith,
002), but at the same time migratory orientation is a very flexi-
le trait, subject to fast microevolutionary changes (Berthold et al.,
992). As a result of topography and historical range expansion

n many bird species so-called migratory divides have formed in

urope, separating the populations flying southeast or southwest
n autumn (e.g. Bensch et al., 1999; Fransson and Hall-Karlsson,
008; Hedenström and Pettersson, 1987; Procházka et al., 2008;
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Zink, 1973). In these zones of secondary contact hybrid individ-
uals might exhibit intermediate migratory directions, as suggested
by cross-breeding experiments with hand-raised migrants (Helbig,
1991). Differences in migratory behaviour seem to be the result of
selection on relatively few loci and thus it is not surprising that
the genome wide separation is typically weak between popula-
tions showing different migratory directions (Bensch et al., 1999,
2002, 2006b, 2009; Buerkle, 1999; Helbig, 1994, 1996, 2003). The
Scandinavian willow warbler (Phylloscopus trochilus) is an example
where low genetic differentiation between the two subspecies (P. t.
trochilus and P. t. acredula) is associated with a pronounced migra-
tory divide and a contact zone in Central Sweden (e.g. Bensch et al.,
1999, 2006b). The nominate subspecies P. t. trochilus breeds mainly
south of 61◦N while P. t. acredula is widespread north of 63◦N and
between these latitudes they form a hybrid zone (Bensch et al.,
2002). On the basis of ringing recoveries it has been shown that both
subspecies of Scandinavian willow warblers have different migra-

tory routes – towards southwest for trochilus and south-southeast
for acredula (Bensch et al., 1999; Hedenström and Pettersson,
1987). Corresponding differences in the wintering grounds are also
reflected in the stable isotope signatures of feathers collected in
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urope and Africa (Bensch et al., 2006a; Chamberlain et al., 2000).
. t. rochilus winters mainly in Western Africa, while acredula are
intering in eastern and southern parts of the continent. Using
olecular methods Bensch et al. (2002, 2009) found clear differ-

nces between northern and southern birds in allele frequencies
f two AFLP-derived markers, i.e. AFLP-WW1 and AFLP-WW2. In
ontrast, they were found to be nearly genetically indistinguish-
ble in mitochondrial DNA and several microsatellite loci (Bensch
t al., 1999, 2006b, 2009). The AFLP-WW1 locus is an anonymous
on-coding autosomal region (Bensch et al., 2002; Lundberg et al.,
011), whereas the AFLP-WW2 locus could be linked to a gene
ncoding for intraspecific variation of the migratory programme,
ased on a correlation with differences in nitrogen isotopes at broad
eographic scales (Bensch et al., 2009).

In order to confirm the patterns observed in previous stud-
es, this time with the addition of genetic data, we recorded the
utumn migratory directions of both willow warbler subspecies
nd possible hybrids in two different parts of southern Sweden
ith orientation cage experiments. Our expectations were that

. t. trochilus would choose southwestern direction, P. t. acredula
ould orient in a south-southeastern direction and the hybrid indi-

iduals would show intermediate directions. We  also aimed to
nvestigate some of the factors that can influence the birds’ ori-
ntation behaviour, such as the accessibility to orientation cues,
at level and geographical location. The subspecies affiliation of
he willow warblers, but also the geographical position of both
ocations, with one situated inland (Lake Krankesjön, SW,  Sweden)
nd the other located in front of an ecological barrier, the Baltic
ea (Öland, SE, Sweden), was expected to influence the directions
hosen by migrants. The role of such ecological barriers on the
ehaviour of migratory birds has been shown in a number of stud-

es (Åkesson et al., 1996; Biebach et al., 2000; Bruderer and Jenni,
990; Sandberg, 2003; Zehnder et al., 2002). Often the decision
or continuing migration, performing flights in reverse directions
r orienting in directions along the coast lines depends on time
f the day/night, weather and/or body condition of the migrants
Åkesson et al., 1996; Bruderer and Liechti, 1998; Richardson,
978; Sandberg, 2003; Sandberg and Moore, 1996). Birds with

ower fuel reserves more frequently exhibit reverse orientation in
mlen funnels (Bäckman et al., 1997; Deutschlander and Muheim,
009; Sandberg et al., 2002, but see Marchetti and Zehtindjiev,
009) particularly when experiments are carried out along sea
oasts (Åkesson et al., 1996; Bruderer and Liechti, 1998) com-
ared to experiments at inland sites (Åkesson, 1999). Therefore,
e expected, willow warblers caught at the coastal location and

eaner birds to be more prone to show reverse directions compared
o individuals tested at the inland site.

Another important factor that can greatly influence birds’ ori-
ntation and motivation to migrate is the ability to see the
elestial cues in the sky (Åkesson, 1994; Åkesson and Bäckman,
999; Moore, 1987). We  tested this in the willow warbler sys-
em by performing experiments in simulated overcasts conditions
o determine how important the celestial cues are for the willow
arblers and if this species can use only the Earth’s geomag-
etic field for orientation. During the last few decades of research
ubstantial evidence has shown the importance geomagnetic
nformation in the processes of orientation and navigation in var-
ous animal species (see review of Åkesson, 2003; Freake et al.,
006; Wiltschko and Wiltschko, 1995). The geomagnetic field
eems to play a key role in determining and maintaining the
igratory direction in birds, together with other celestial com-

asses (Muheim et al., 2006a; Wiltschko and Wiltschko, 1972),

ut still the use of a magnetic map  have been confirmed in
ery few species of animals (e.g. Boles and Lohmann, 2003;
ischer et al., 2001; Wu and Dickman, 2012; Phillips et al., 1995).
ften, deprivation from one or more important cues can lead to
esses 91 (2012) 253– 261

disorientation of the experimental animals (e.g. Åkesson, 1993,
1994; Marchetti et al., 1998; Moore, 1986). In our experimental
setup we used the simplest method to test the importance of the
magnetic cues for willow warblers: we  prevented the birds from
acquiring celestial information by performing experiments under
simulated overcast conditions at the place of capture as well as
after the displacements. Our prediction was that the willow war-
blers would be less active and more disoriented under simulated
overcast conditions than under natural sky with celestial cues avail-
able.

Another set of experiments was performed to investigate the
abilities of willow warblers to recognize a middle-distance dis-
placement (in our case ca. 200 km great circle route distance).
We tested whether the birds changed their direction according
to the displacement (“moving-goal-area”, Rabøl, 1978) or kept a
constant course relative to the expected wintering area (“clock-
and-compass”, Berthold, 1996). To study the effect of displacement
we analysed only the experiments carried out with juvenile wil-
low warblers. This decision was  motivated from the difference
in the migration experience of both age classes. By performing a
meta-analysis of orientation cage experiments, Thorup and Rabøl
(2007) have shown that even naïve first-year migrants in autumn
can compensate to some degree for displacement under natural
or planetarium starry skies. The orientation cage experiments car-
ried out by Rabøl (1981) and Åkesson et al. (2005) and the studies
of Thorup et al. (2011) also suggest that juvenile birds possess
the ability to correct for displacement in some circumstances. The
responses to geographical or simulated displacements have been
shown to vary extensively, from absence of compensation with no
resulting shifts in orientation to full compensation (see reviews of
Åkesson, 2003; Freake et al., 2006; Thorup and Rabøl, 2007). To test
if stress might have influenced the results from displacements we
also performed a short-distance (5–10 km)  simulated displacement
(i.e. individuals were caught and tested in the sample location) with
another group of willow warblers.

In conclusion our study aimed to: (1) confirm the previous ring-
ing data on the willow warbler migratory divide using orientation
experiments with individuals genetically identified as belonging to
one or the other subspecies; (2) test for differences in the orien-
tation of the birds at two different sites, inland and coastal; (3)
compare orientation under clear or artificially overcast sky; (4)
compare orientation after a middle-distance E–W displacement;
and (5) control for transportation stress by comparing orientation
before and after a simulated displacement.

2. Methods

2.1. Study sites, experimental and displacement procedures

During the autumn of 2009, we  performed orientation cage
experiments with willow warblers at two  different localities: at
Stensoffa Ecological Field Station (55◦41′N 13◦26′E) in southwest
Sweden (SW-inland-site) and at the southern tip of the island of
Öland (56◦13′N 16◦24′E) in southeast Sweden (SE-coast-site), to
examine their migratory direction. From 25 to 29 August we cap-
tured 47 willow warblers in mist-nets at Lake Krankesjön (1.5 km
northeast from Stensoffa Station; two  other birds were captured
two weeks earlier) and tested them in modified Emlen funnels
(Emlen and Emlen, 1966), allowing the birds to see approximately
160◦ of the sky (Åkesson, 1994). On 4 September we  transported 36
of the willow warblers by car to Ottenby Bird Observatory, situated

at the island of Öland and tested them again at an open area, 2.5 km
north-northeast from the observatory. We  chose this site in order
to avoid light from the lighthouse situated at the southernmost tip
of the island, which could influence the bird’s responses. After the
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elease of the first group of willow warblers, we tested another
8 willow warblers caught at Ottenby Bird Observatory between
0 and 15 September. For this set of experiments we  had to use
nother experimental site, located at 4 km north-northeast from
he Ottenby Station for two nights, due to disturbance from graz-
ng animals at our original experimental site. After the experiments
t the SE-coast-site, on 16 September, we transported 41 of the
illow warblers to the SW-inland-site. There we performed orien-

ation experiments and released the birds near the station after the
age experiments were finished. During the experimental period
illow warblers at both study sites were kept indoors for 1–15
ays (two birds were kept longer, for 22 and 30 days, respectively)
ith free access to meal-worms, Tenebrio molitor, and fresh water
ith added vitamins. Willow warblers that were feeding properly

n captivity were kept for further studies, while the others were
eleased if they were loosing weight.

At each test site, as well as after the displacements, we per-
ormed orientation experiments under natural sky conditions
cloud cover 0–6/8; in one night 8/8) and simulated overcast con-
itions. In the later case we covered the top of the cage with a 2 mm
iffusing Plexiglas sheet. The majority of the experiments were per-
ormed in the same sequence and similar time interval between
he different treatments, with small variations due to unfavourable
eather conditions. In 96% of the cases we conducted a control test

n the day of capture. A second control test (with 75% of the willow
arblers) was performed on the third day after capture. Birds were

ested under simulated overcast 5–7 days after the first control test.
n 16 cases the sequence of second control test and overcast test was
hanged. Some birds (8 at SW-inland-site and 1 at SE-coast-site),
ostly representing individuals that did not eat sufficiently, were

ested only once and were then released. After the displacement the
irds were tested for the first time at earliest on the second night
fter arrival, in most cases first under clear sky and then under sim-
lated overcast. However, due to weather conditions and limited
ime 50% of the birds displaced to SE-coast-site and 8% of the birds
isplaced to SW-inland-site were tested under simulated overcast
rst.

At capture and before each orientation test was  performed we
egistered the fat score, according the visual classification scale
0–6) by Pettersson and Hasselquist (1985),  and weight (to the
earest 0.1 g with a Pesola spring-balance) of the experimental
irds. In order to test birds in migratory condition we  mainly chose
illow warblers with fat scores of at least 3 and which had already
nished their moulting. Birds with fat score 3 or less were classified
s lean in the analyses. Eight willow warblers caught at SE-coast-
ite had fat scores below 3 at the capture. As it was the end of
he migratory season for willow warblers and because of the loca-
ion of the capture site near the coast, we considered that all these
irds were in migratory condition. The willow warblers were aged
ccording to Svensson (1992).  Only six of the experimental willow
arblers were adult birds, while the rest of the birds were juveniles

n = 91).
To address whether the results of the orientation experi-

ents after displacements (see below) could be a result of stress
nduced by captivity or transport, in autumn 2010 between
8 August and 5 September, one of us (D.P.L.T.) preformed
nother series of orientation experiments at SW-inland-site. In
his case, 39 willow warblers were captured on migration in
he period 18–29 August and were tested under clear and sim-
lated overcast conditions shortly after sunset. On a later day
hese individuals were driven by car for approximately one hour
∼100 km)  in areas (1–15 km)  surrounding the ecological sta-

ion. Hence, these individuals were experiencing similar holding
nd transport conditions as those individuals that were dis-
laced in 2009, however they were tested again at the same
ite.
esses 91 (2012) 253– 261 255

Ethical permissions to perform the experiments and to sample
blood for genetic analyses were given by Malmö/Lunds djurförsök-
setiska nämnd (No. M27-10; M94-08). Permissions were given
from Naturvårdsverket and the Swedish Ringing Centre for cap-
turing birds.

2.2. Genetic analyses

Blood samples were taken before releasing the willow war-
blers following their final orientation experiment or at least two
days before the orientation experiments, in order to avoid addi-
tional stress to the birds. DNA was  isolated by phenol-chloroform
extraction (Sambrook et al., 1989) and diluted to 5 ng/�l working
concentration. The genetic typing of two AFLP-derived markers,
AFLP-WW1 and AFLP-WW2, was  outlined in Bensch et al. (2002,
2009). Both these loci exhibit two  alleles that have very different
frequencies in southern and northern Sweden. For each locus we
scored the birds as homozygous southern (S), heterozygous (H) and
homozygous northern (N), respectively.

2.3. Data evaluation and statistical analyses

Each individual’s orientation was recorded on thermo-paper
and evaluated by activity and concentration indexes according to
Mouritsen (1998; first developed by Rabøl, 1970). Both indexes
are defined on a 0–4 scale, where activity represents number of
scratches per hour, with 0 < 30 scratches and 4 > 2000 scratches, and
concentration as the angle within which the mean direction with-
out doubt lies, with 1◦ < 45◦ and 4 ± 0–5◦. The lower limit of activity,
below which we  classified an individual as showing “no activity”,
was set at 30 registrations in our tests. The mean activity per group
was calculated on the basis of all tests, including those with no
or low activity (<30 claw marks), whereas the mean concentra-
tion index was calculated excluding those tests. For comparisons
of activity and concentration we  used Mann–Whitney U-test and
Sign test (Siegel and Castellan, 1988). Experiments where birds
were inactive or showed disorientation (Tables 1 and 2) were
excluded from analyses of orientation. The mean individual direc-
tions were then used in the group analyses. In the cases with axial
orientation, when two peaks of activity are observed and the dif-
ference between the mean opposite directions were not more than
180 ± 30◦ (Tables 1 and 2), we  used the direction where the major-
ity of the bird scratches were registered. The mean orientation of
the different groups was  calculated with circular statistics and we
used the Rayleigh test to check if the mean orientation differed
from a random distribution (Batschelet, 1981). For analyses of ori-
entation, activity and concentration after displacements we  used
1st year birds only, while the rest of the analyses included also the
adult birds. The group comparisons were done with Watson’s U2-
test (Batschelet, 1981) and Moore’s paired test (Zar, 1999). We  used
95% Confidence Interval (Batschelet, 1981) to test if the mean orien-
tation differed from the position of the Sun during the experiments.
We analysed the results after the one-hour driving experiment as
the angular deviation from the initial orientation of each individ-
ual, if an individual displayed significant mean orientation in both
tests.

3. Results

3.1. Genetic analyses and morphological traits

According to both AFLP-derived markers southern, trochilus

individuals were more abundant during migration through the
SW-inland-site, while at the SE-coast-site we registered a greater
variety of birds with both trochilus and acredula genetic markers
(Fig. 1). Willow warblers with only southern alleles (S/S) comprised
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Table 1
Number of willow warblers captured at the SW-inland-site (Stensoffa Ecological Field Station) and tested in orientation cages in autumn 2009. For each group are given: mean
activity  (A), concentration (C), mean direction (˛), vector length (r) and level of significance (p). “I” refers to the first tests, and “II” to the second tests. For axial distributions
the  axial mean orientation (˛1/˛2), vector length (r2) and level of significance (p2) are given.

Total Inactive Mean A Disoriented Mean C Axial Included  ̨ (˛1/˛2) r (r2) p (p2)

Control (I) all 49 3 1.67 2 2.67 13 41 261◦ 0.34 0.01
Control (I) WW2  – S 35 2 1.68 1 2.64 8 29 264◦ 0.39 0.01
Control (I) WW2  – H 10 1 1.40 0 3.00 4 9 14◦/194◦ 0.30 0.45
Control (I) WW2  – N 2 0 1.50 0 3.00 0 2 93◦/273◦ 0.91 0.19
Control (I) WW1  – S/WW2  – S 26 1 1.89 0 2.72 6 24 262◦ 0.37 0.04
Control (II) all 39 2 1.58 3 2.53 3 30 261◦ 0.38 0.01
Simulated overcast 37 2 1.76 4 2.00 11 30 14◦ 0.21 0.26
Displaced to the SE-coast-site, control 32 0 2.38 4 2.66 10 28 105◦/285◦ 0.20 0.33
Displaced to the SE-coast-site, simulated overcast 32 7 1.16 5 2.32 4 20 40◦/220◦ 0.37 0.07

Table 2
Number of willow warblers captured at the SE-coast-site (Ottenby Bird Observatory) and tested in orientation cages in autumn 2009. For each group are given: mean activity
(A),  concentration (C), mean direction (˛), vector length (r) and level of significance (p). “I” refers to the first tests and “II” to the second tests. For axial distributions the axial
mean  orientation (˛1/˛2), vector length (r2) and level of significance (p2) are given.

Total Inactive Mean A Disoriented Mean C Axial Included  ̨ (˛1/˛2) r (r2) p (p2)

Control (I) all 48 10 1.38 0 2.82 6 36 171◦/351◦ 0.29 0.04
Control (I) WW2  – S 7 1 1.57 0 2.67 1 6 34◦/214◦ 0.55 0.16
Control (I) WW2  – H 4 1 1.75 0 2.33 0 3 1◦/181◦ 0.48 0.49
Control (I) WW2  – N 35 7 1.31 0 2.85 4 26 158◦/338◦ 0.35 0.04
Control (I) WW1  – N/WW2  – N 17 4 1.29 0 3.08 3 13 164◦/344◦ 0.29 0.34
Control (II) all 35 7 1.71 0 2.93 2 28 304◦ 0.37 0.02
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Displaced to the SW-inland-site, control 39 7 1.6
Displaced to the SW-inland-site, simulated overcast 39 7 1.5

lmost half (45%) of birds caught at the SW-inland-site, but only 7%
f those caught at the SE-coast-site. In contrast, “pure” northern
irds (N/N) were found at the SE-coast-site (37%), but not at the
W-inland-site. If only the AFLP-WW2 is taken into consideration,
hich is a genetic marker that previous research suggests may  be

inked to migratory behaviour, the percentage of southern homozy-
otes was 60% at the SW-inland-site and the frequency of northern
omozygotes was 76% at the SE-coast-site. Willow warblers het-
rozygous for WW2  were more often caught at the SW-inland-site
38%) than at the SE-coast-site (9%).

.2. Orientation under natural sky and simulated overcast at the
lace of capture

Under natural sky conditions the willow warblers captured at
he SW-inland-site and tested for the first time showed mean
rientation directed towards WSW  (261◦) (Fig. 2a; Table 1). This
irection was significantly different from the position of the sun in
he middle of the experimental hour (301.2◦, p < 0.05). We  analysed

rientation of the experimental birds according to AFLP-WW2
arker in order to search for directional differences in willow war-

lers passing through the SW-inland-site (Fig. 2a). The small sample
f active birds with WW2-H (n = 9) and WW2-N (n = 2) did however
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ig. 1. Number of experimental willow warblers (Phylloscopus trochilus) according AFLP-
 homozygous for northern alleles; H – heterozygous, having both northern and southern
2 2.34 7 29 152 /332 0.15 0.54
2 2.38 6 30 253◦ 0.19 0.34
4 2.03 6 28 141◦/321◦ 0.21 0.28

not allow us to make more detailed analysis of their directions.
Both groups showed axial orientation responses not significantly
different from random (Table 1). The genetically southern individ-
uals (WW2-S and those of the birds with WW1-S/WW2-S) were
significantly oriented towards WSW,  264◦ and 262◦, respectively
(Table 1). In the second test under natural sky, the willow warblers
were significantly oriented in the same mean direction as in the
first test (Fig. 2c; Table 1). Individuals’ orientation was also similar
between the first and the second control tests (Moore’s paired test:
R′ = 0.16, p > 0.9, n = 26).

The willow warblers caught and tested at the SE-coast-site
showed axial mean orientation along a SSE–NNW (171◦/351◦)
axis (Fig. 2b; Table 2). Analysed separately, the three groups
of birds according to AFLP-WW2 also showed axial mean ori-
entation (Table 2). The mean direction of the willow warblers
with southern alleles was  approximately SW–NE. Heterozygotes
showed S–N axial orientation and the birds with northern alleles
had SE–NW mean orientation. Only the northern willow warblers
were significantly directed (Table 2) while the other two groups

had small sample and their mean directions were not significant.
When the birds were tested for the second time their orientation
(304◦) was significantly different from the first test (Watsons’s
U2 test: U2 = 0.65, p < 0.001), but not from the direction of the

S/ N H/N N/N

W2

SW-inlan d-site  20 09

SW-inlan d-site  20 10

SE-coast-site  20 09

derived WW1  and WW2  genetic markers (S – homozygous for southern alleles; N
 alleles).
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Fig. 2. Mean angle of orientation for willow warblers (Phylloscopus trochilus) tested
at  the SW-inland-site (left) and the SE-coast-site (right) in autumn. (A) and (B)
Orientation under natural sky in first experiments; birds from southern (S), inter-
mediate (H) and northern (N) type according to AFLP-WW2 marker are represented
with black, grey and white triangles, respectively, while unidentified individuals
are  marked with diamonds; (C) and (D) orientation under natural sky conditions in
t
a
m

s
t
b
n

S
e
s

s
f

t
S
r
a
l
U

3

o
u

A B

271° 2°/182°

252°

167°/347°

NN

Fig. 3. Orientation of fat (black circles) and lean (white circles) willow warblers

the mean direction before driving (  ̨ = 308◦, r = 0.33, n = 35, p = 0.02)
was not significantly different from the mean response direction
after driving (  ̨ = 350◦, r = 0.31, n = 35, p = 0.03; CI: 308–32◦, p > 0.05)

N N

N N

40°/220°

105°/285°

253°

141°/321°

C D

A B
he  second experiments; (E) and (F) orientation under simulated total overcast. The
rrow in each circular diagram represents the mean angle (˛) and the length of the
ean vector (r) relative to the radius of the circle (r = 1).

etting Sun (293.9◦, p > 0.05) (Fig. 2d; Table 2). Moore’s paired
est did not show significant difference in individuals’ orientation
etween the first and the second control tests (R′ = 0.70, p > 0.1,

 = 22).
The mean orientation of the willow warblers tested at the

W-inland-site and SE-coast-site under natural skies in the first
xperiments were significantly different from each other (Wat-
ons’s U2 test: U2 = 0.77, p < 0.001).

Under simulated total overcast the willow warblers at both
tudy sites failed to show significant mean orientation (Fig. 2e and
; Tables 1 and 2).

We did not find a significant difference in the mean orien-
ation in the control experiments between fat and lean birds at
W-inland-site (fat:  ̨ = 271◦, r = 0.28, n = 24, p = 0.15; lean:  ̨ = 252◦,

 = 0.43, n = 17, p = 0.04; Watsons’s U2 test: U2 = 0.05, p > 0.5) or
t the SE-coast-site (fat: ˛1/˛2 = 2◦/182◦, r = 0.25, n = 10, p = 0.53;
ean: ˛1/˛2 = 167◦/347◦, r = 0.32, n = 26, p = 0.07; Watsons’s U2 test:
2 = 0.07, p > 0.5) (Fig. 3).

.3. Orientation after displacement and driving experiment
Displaced willow warblers failed to show significant mean
rientation in experiments under natural sky conditions or in sim-
lated overcast conditions (Fig. 4; Tables 1 and 2). In all cases,
(Phylloscopus trochilus) tested at the SW-inland-site (left) and the SE-coast-site
(right) under natural sky in first control experiments. For further information see
Fig.  2.

except the willow warblers tested in simulated overcast at the
SW-inland-site (Fig. 4c, where the distribution is totally dispersed),
willow warblers showed non-significant axial orientation. Moore’s
paired test was used to compare individuals’ orientation before
and after the displacements. Birds displaced from SW-inland-site
to SE-coast-site differed significantly in their orientation in the
first control experiments at the two sites (R′ = 1.26, p < 0.01, n = 25)
while the willow warblers displaced in the opposite direction did
not differ (R′ = 0.29, p > 0.5, n = 25). In overcast conditions there was
no difference in either group (SW to SE displaced group: R′ = 0.82,
p > 0.1, n = 16; SE to SW displaced group: R′ = 0.88, p > 0.1, n = 14).

Moore’s paired test did not show a significant difference in
individuals’ orientation before and after driving experiment either
under clear sky (R′ = 0.59, p > 0.1, n = 35) nor in simulated overcast
(R′ = 1.02, p > 0.05, n = 14). In the control experiments birds showed
northwestern mean orientation (307◦; Fig. 5; Table 3) that was  not
different form the Sun’s position in the middle of the experimen-
tal hour (300.1◦, p > 0.05). There was  also no correlation between
orientation and genotype at WW2,  as all groups showed NW mean
orientation (Table 3). The analysis of individual deviation in the ori-
entation after the driving from the initial response also showed that
Fig. 4. Orientation of willow warblers (Phylloscopus trochilus) under natural clear
skies (A, B) and simulated total overcast (C, D) after displacement to the SE-coast-site
(left) and the SW-inland-site (right). For further information see Fig. 2.
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Table 3
Number of willow warblers captured at the SW-inland-site and tested in orientation cages in autumn 2010. For each group are given: mean activity (A), concentration (C),
mean  direction (˛), vector length (r) and level of significance (p). BD – test before drive; AD – test after drive.

Total Inactive Mean A Disoriented Mean C Axial Included � r p

Clear sky (BD) all 39 1 2.44 1 2.63 8 37 307◦ 0.36 0.008
Clear  sky (BD) WW2  – S 15 0 2.20 1 2.73 5 14 306◦ 0.48 0.04
Clear  sky (BD) WW2  – H 23 1 2.57 0 2.55 3 22 310◦ 0.25 0.25
Clear  sky (BD) WW2  – N 1 0 3 0 3 0 1 300◦

Clear sky (AD) all 39 1 1.90 1 2.82 5 36 283◦ 0.45 <0.001
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Simulated overcast (BD) 39 7 1.51 11 

Simulated overcast (AD) 39 6 1.54 8 

n clear sky tests (Fig. 5). Mean orientation under simulated over-
ast was not significantly different from random before and after
he driving (Table 3).

.4. Activity and concentration

Mean activity in the first control experiments was higher at the
W-inland-site in comparison with the SE-coast-site, but the differ-
nce was not significant (Mann–Whitney U-test: U = 993, p = 0.16;
ables 1 and 2). Mean concentration of both groups was similar
Mann–Whitney U-test: U = 846, p = 0.78; Tables 1 and 2). In sim-
lated overcast the willow warblers at the SW-inland-site were
ignificantly more active than the birds tested at the SE-coast-site
Mann–Whitney U test: U = 521, p = 0.001; Tables 1 and 2). The wil-
ow warblers at the SE-coast-site were also more often inactive in
omparison to birds from the SW-inland-site (Tables 1 and 2). The
ifference in concentration in simulated overcast was not signifi-
ant (Mann–Whitney U test: U = 449, p = 0.14; Tables 1 and 2).

In the first control experiments willow warblers showed sig-
ificantly higher concentration than in simulated overcast at the
W-inland-site (sign test: p = 0.001; Table 1), but at the SE-coast-
ite the difference was not significant (sign test: p = 0.21; Table 2).
ean activity was not significantly different between control and

vercast experiments at both locations (SW-inland-site: sign test:
 = 0.79; Table 1; SE-coast-site: sign test: p = 0.19; Table 2).

After the displacement juvenile willow warblers showed higher
ctivity in natural sky conditions compared to the first experi-
ents performed at the original capture site. Birds displaced to the

E-coast-site had significantly higher activity (sign test: p = 0.02),
ut not the group displaced in the opposite direction (sign test:

 = 0.86). In simulated overcast the willow warblers displaced to the
W-inland-site were more active after the displacement, but not

ignificantly so (sign test: p = 0.23). Birds displaced to the SE-coast-
ite showed significantly lower activity under simulated overcast
fter the displacement (sign test: p = 0.002) and it was  reduced by
0% compared to under clear skies.

A

307°

N B 0

350°

ig. 5. Orientation of willow warblers (Phylloscopus trochilus) under natural clear
kies before (A) and after (B) the car driving experiment. For details on colours and
urther information see Fig. 2. Circles represent individuals which failed to show a

ean direction significantly different from random in the experiments after driving.
he  results after driving are given in angles of deviation from the initial response,
etting the initial experiment as 0◦ .
1.81 2 25 263◦ 0.31 0.09
2.03 3 24 316◦ 0.20 0.39

4. Discussion

We  found a marked difference in both genotype and orien-
tation in willow warblers caught during their autumn migration
and tested at the two  sites in southern Sweden. As expected from
the geographic distribution of the willow warblers subspecies and
their temporal and spatial migration patterns (Bensch et al., 1999;
Fransson and Hall-Karlsson, 2008; Hedenström and Pettersson,
1984), the proportion of birds with southern alleles was  higher in
the SW-inland-site while birds having northern alleles were more
common in the SE-coast-site. Hence, the genetic data support that
our sampling scheme was  successful in obtaining two sets of birds
originating from the two  subspecies.

The mean orientation of willow warblers under natural skies
also corresponded with the expected migratory directions of
trochilus and acredula based on previous analyses of ringing
recoveries (Bensch et al., 1999). In the SW-inland-site trochilus
individuals dominated, and this is consistent with the mean WSW
orientation. At this location one third of the experimental birds
showed northwestern orientation, also coinciding with the direc-
tion of the setting sun, leading to a shift of the main direction to the
west. Such phototactic response has previously been observed in
orientation cage experiments with various passerine migrants (e.g.
Åkesson, 1994; Sandberg, 1991). One possible explanation for this
behaviour could be the fat level of the experimental birds. How-
ever, in our study we did not find a clear difference between fat
and lean birds in this respect and other, and thus unknown factors
could be behind this response.

At the SE-coast-site the willow warblers showed axial mean ori-
entation. The majority of the individuals in this location carried
northern alleles and their mean orientation was directed along a
SE-NW axis. While we  predicted a SSE for individuals at this site,
in this case a considerable proportion of birds also showed reverse
directions of orientation towards NW.  This result is consistent with
previous studies of migrants arriving at coastal locations, where
reverse migration has often been registered in both free-flying birds
as well as in cage experiments (e.g. Åkesson et al., 1996; Bäckman
et al., 1997; Deutschlander and Muheim, 2009; Sandberg, 2003;
Zehnder et al., 2002).

The reduced activity of the willow warblers at the SE-coast-
site, in comparison with the SW-inland-site, especially in simulated
overcast conditions, may  be caused by the presence of an ecolog-
ical barrier. In numerous previous studies it has been found that
migrants tend to avoid direct crossing of open sea, especially in
unfavourable weather conditions (Åkesson and Hedenström, 2000;
Åkesson et al., 2001; Åkesson et al., 2002; Alerstam and Pettersson,
1977; Schmaljohann and Naef-Daenzer, 2011).

In our study the willow warblers did not show significant orien-
tation under simulated overcast at either experimental site. The
restricted ability to see the sky, especially in places where the

correct orientation is of high importance, seems to influence the
decision for migratory departures in willow warblers and their
orientation. The experimental situation (especially in simulated
overcast conditions) can restrict even further the abilities of birds
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o orient in comparison with free-flying migrants at coastal sites
see Nievergelt et al., 1999).

We  did not observe compensation for the displacements or
ignificant mean orientation in either group of displaced willow
arblers under clear sky or in simulated overcast conditions. The
ossible explanations for that could be a lack of important orien-
ation cues and/or possibly too short interval (1–2 days) preceding
he experiments at the new place. Prior to the experiments at the
tudy locations, the experimental birds were not given the pos-
ibility to observe the setting sun. As the polarized light cues near
he horizon at sunrise and sunset provide a primary calibration ref-
rence for the compass systems of migratory songbirds (Muheim
t al., 2006b), the experimental birds were not able to recali-
rate their compasses. Another reason for the lack of compensation
fter the displacement may  be the distance of the displacements
ca. 200 km), much smaller than the long-distance displacements
n the studies of Åkesson et al. (2005) and Thorup et al. (2007,
011). Yet another possibility might be the lack of visibility to
ee stars at the site prior to experimentation, which has been
hown to be important to songbirds in some displacements (Thorup
nd Rabøl, 2007). Furthermore, the differences between the mag-
etic parameters between both study sites were relatively small
�Inclination: 0◦17′; �Declination: 1◦03′; �Horizontal intensity:
95 nT; �Total field: 278 nT; as calculated for 01.01.2010 using
MM2010; http://www.ngdc.noaa.gov/geomag/magfield.shtml).

n his review, Phillips (1996) considered that at intermediate dis-
ances (i.e. 10–50 km)  the geomagnetic field is unlikely to be a
eliable source of map  information, because of local variations of
he geomagnetic field parameters. It is possible that this distance
s species-specific and it can differ depending on the size of the
nimal’s range of movements. In the case of the willow warbler,
hich is a long-distance migrant, this distance could be larger and

ur displacement may  fall within the range where the bird is not
apable to use the geomagnetic cues for map  information. The dis-
ance needed for reliable map  information can also be increased
hen the access to orientation cues is reduced as in the case of

rientation cage experiments (cf. Thorup and Rabøl, 2007).
A possible explanation for the lack of significant orientation after

isplacement might also be an effect of the transportation itself.
ased on the experiments with homing pigeons it has been sug-
ested that prevention of acquiring correct magnetic information
uring transportation can cause disturbances in their initial orien-
ation (Kiepenheuer, 1978; Wiltschko and Wiltschko, 1981). Later
xperiments also with homing pigeons showed that the disorien-
ation observed in those conditions was likely induced by stress
rom transportation and the birds’ orientation was as good as in
ontrols when they were injected with tranquillizer before trans-
ortation (Luschi et al., 1996). In our study, even if the birds were
ot tested immediately after the arrival, it is possible that stress

nduced by transportation, lasting several hours, could have had
n effect during the next few days. However, in our attempt to
artially address this factor with the driving experiment, where
he birds would have experienced a similar transportation envi-
onment but were not displaced to another location, we did not
bserve a difference in the mean orientation before and after trans-
ortation. However, we  could not rule out the possibility that stress
as induced from changing the holding and testing locations, and
ot from the transportation itself.

The distinct ecological differences between both locations (coast
s. inland) may  have confused the birds and increased noise in the
ata. The willow warblers from the two study sites responded in

 different way to the southeast and southwest displacement with

espect to activity and concentration. The birds displaced from the
W-inland-site to the SE-coast-site showed reduced activity and
igher number of disoriented individuals under simulated over-
ast and higher activity in the clear sky experiments after the
esses 91 (2012) 253– 261 259

displacement. In contrast, the group caught at the SE-coast-site and
displaced in the opposite direction had increased activity in both
clear sky and simulated overcast conditions. It is possible that the
birds were able to recognise the presence or absence of the sea at
the two sites and under poor visibility (simulated overcast) showed
reduced or increased activity respectively.

In conclusion, this study has investigated the migratory
behaviour of the Scandinavian willow warblers during their
autumn migration. We  found pronounced differences in willow
warblers’ orientation in respect to genotype. The mean directions
registered in the control experiments at the two  sites were in accor-
dance with those expected from the ringing recoveries, but more
individuals showed reverse directions at the SE-coast-site at the
southernmost tip of the island of Öland. In simulated overcast we
observed more scatter, non-significant orientation at both sites and
reduced activity of the willow warblers at the SE-coast-site, in com-
parison with the SW-inland-site. The displacement experiments
also resulted in non-significant orientation, which can possibly
be explained with the intermediate distance of displacement or
possible reactions to housing, transportation and type of location
(coastal/inland). More generally, our observation of disorientation
following displacement is consistent with a ‘hard-wired’ migra-
tion route, which is a central assumption of the migratory divide
hypothesis (Irwin and Irwin, 2005), and implies that hybrid individ-
uals inheriting an intermediate and potentially inferior migratory
route may  suffer a fitness loss as result. However, the temporal
aspect of willow warbler migration, orientation abilities of this
species and the genetic basis underlying the determination of
migration direction need further attention, as well as experimental
studies of effects of intermediate displacements across longitudes
in songbirds and other animals. Therefore, studies of the orientation
of more hybrid individuals in this and other migratory divides will
be crucial for a broader understanding the mechanisms of selection
on this important behavioural trait.
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