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Abstract Understanding how events throughout the
annual cycle interact to influence individual fitness and
hence population dynamics is crucial to optimize conser-
vation strategies for migratory birds. Despite major
advancements in technology, direct tracking devices for
passerine songbirds are still limited by the need for
recapturing tagged individuals. Stable-isotope analysis of
bird tissue has the opportunity to supply information on a
larger number of individuals, although it is limited by the
indirect knowledge of the geographical position of the
birds. In this study, we provide a first attempt to combine
annual spatio-temporal data achieved from direct tracking
with information on local environmental conditions by
using stable isotopes (0'°C and 6'°N). We use this
approach to investigate if environmental conditions at the
wintering area in southern Africa influence timing of spring
migration and carry-over to affect breeding performance in
a long-distance migratory passerine bird, the Red-backed
Shrike (Lanius collurio). We found that individuals
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wintering in relatively moist conditions (depleted in §'°C)
and at lower latitudes (closer to the breeding grounds)
departed later on spring migration than individuals in more
xeric habitats. However, the effect of non-breeding area
conditions and latitude were not found at subsequent
migration stages and late departing individuals spent fewer
days on migration towards the breeding grounds. Although
conditions in the non-breeding range have previously been
suggested to influence population fluctuations in Red-
backed Shrikes, we found no evidence of a carry-over
effect on breeding performance. This study highlights the
potential of combining different approaches when investi-
gating seasonal interactions in migratory animals.

Keywords Carry-over effects - Non-breeding ecology -
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Zusammenfassung

Kombination von direkten und indirekten Ortungsme-
thoden zur Bewertung des Einflusses der Bedingungen
in der Subsahara auf den interkontinentalen Zug von
Singvogeln

Das Verstindnis dafiir, wie die diversen Ereignisse im
Verlauf eines ganzen Jahres miteinander zusammenhingen
und die individuelle Fitness und damit die gesamte Popu-
lationsdynamik beeinflussen, ist ausschlaggebend fiir die
Optimierung von Strategien zum Schutz von Zugvogeln.
Trotz erheblicher technischer Fortschritte besteht die Ein-
schrinkung, dass Gerite zur direkten Ortung davon
abhiingig sind, damit ausgestattete Vogel wiederfangen zu
miissen. Die Analyse stabiler Isotope aus Vogelgeweben
bietet die Moglichkeit, Informationen von einer grof3en
Anzahl Individuen zu sammeln, ist aber dadurch
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eingeschrinkt, dass sie keine direkten Informationen iiber
die geographische Position der Vogel liefert. In dieser
Untersuchung stellen wir einen ersten Versuch vor, rdum-
lich-zeitliche Daten aus direkten Ortungen mit Informa-
tionen iiber lokale Umgebungsbedingungen, gewonnen aus
Bestimmungen stabiler Isotopen (5'*C and §'°N), zu
kombinieren. Dieser Ansatz wurde gewéhlt, um herauszu-
finden, ob die Umgebungsbedingungen an den Uberwin-
terunsgplidtzen im siidlichen Afrika den Beginn des
Friihjahrszugs beeinflussen und beim Langstreckenzieher,
dem Neuntoter (Lanius collurio), eventuell noch auf den
Bruterfolg durchwirken. Wir stellten fest, dass Vogel, die
in einer relativ feuchten Umgebung (wenig 0'°C ) und in
geringeren geographischen Breiten (ndher an den Brutge-
bieten) iiberwintert hatten, den Friihjahrszug spiter
begannen als Vogel aus trockeneren Gebieten. Eine Aus-
wirkung von Umgebungsbedingungen auflerhalb der
Brutgebiete und/oder von der geographischen Breite auf
spitere Stadien des Zugs konnte jedoch nicht festgestellt
werden; spiter startende Individuen verbrachten weniger
Tage auf dem Zug in die Brutgebiete. Obwohl schon friiher
vermutet wurde, dass sich beim Neuntoter die Bedin-
gungen auBlerhalb der Brutgebiete eventuell auf Populations-
fluktuationen auswirkten, konnten wir keinen Beweis fiir
derartige ,,carry-over “-Effekte auf den Bruterfolg feststel-
len. Diese Studie unterstreicht das Potential, das bei der
Untersuchung saisonaler Interaktionen bei Tieren mit
Zugverhalten in der Kombination unterschiedlicher
Ansitze liegt.

Introduction

Organisms living in seasonal environments are exposed to
regular fluctuations in resource quality and abundance,
which influences population dynamics (Fretwell 1972).
Events throughout the year are thus inextricably linked, and
conditions experienced at one stage may carry over to
affect subsequent life-cycle stages (Harrison et al. 2011).
This becomes even more complex when considering
migratory species that spend the year in widely different
geographical locations with great variation in habitat and
climatic zones (Greenberg and Marra 2005; Kays et al.
2015).

Migratory bird populations have experienced steep
global declines over the past century (Kirby et al. 2008;
Robbins et al. 1989; Sanderson et al. 2006); a decline
primarily affecting long-distance migrants (Heldbjerg and
Fox 2008; Sanderson et al. 2006; Vickery et al. 2014). To
optimize conservation efforts for migratory bird species,
we need to understand how events and processes interact
during different stages of the annual cycle to determine
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individual fitness, and hence overall population dynamics
(Harrison et al. 2011; Norris and Marra 2007).

Timing of migration in long-distance migrants is
assumed to be regulated mainly by endogenous control and
photoperiod (Berthold 1996; Gwinner 1996). However,
there is growing evidence that environmental factors at the
non-breeding grounds (Gordo et al. 2005; Marra et al.
1998; Saino et al. 2007) and en route (Marra et al. 2005,
Tattrup et al. 2008, 2010) can shape the patterns of spring
migration. Where determination of migration schedules has
hitherto relied on field observation (e.g. sighting records
and day of first capture), technological advances have now
enabled us to study individual migration, providing
detailed information on staging area location, timing,
duration, and speed of migration of small songbirds by
means of light-level geolocators (McKinnon et al. 2013;
Stutchbury et al. 2009; Tgttrup et al. 2012a, b). The
majority of work using geolocator technology has so far
been focused on describing migration patterns in songbirds.
However, the accumulation of sufficient data has sparked
an interest in studies considering the ecological context of
movement patterns (Bridge et al. 2015; Emmenegger et al.
2014; Fraser et al. 2012, 2013; Streby et al. 2014; Tgttrup
et al. 2012b). Despite this progress, tracking devices are
still limited by the need for recapturing individuals to
retrieve the data (Bridge et al. 2011). Stable-isotope anal-
ysis of bird tissue has been a valuable tool in assessing
local habitat condition of the moulting site in relation to
seasonal interactions and can supply information on a lar-
ger number of individuals compared to direct tracking
(Marra et al. 1998; Smith et al. 2010; Studds and Marra
2005; but see: Graves et al. 2002). However, it is hampered
by the indirect knowledge it provides of the geographical
position of the bird. Overall, these limitations stress the
importance of combining different methodologies in order
to increase our understanding of movement ecology
(Korner-Nievergelt et al. 2012; Macdonald et al. 2012; see
e.g. Norris et al. 2006; Woodworth et al. 2016).

The Red-backed Shrike (Lanius collurio) is along-distance
Palearctic- Afrotropical migratory songbird, breeding in most
of Europe and western Asia and wintering in southern Africa
(Snow and Perrins 1998; Tgttrup et al. 2012a). Like many
other long-distance migrants this species has been declining,
mainly in the western part of its breeding range (BirdLife
International 2004). Recent studies have shown that envi-
ronmental factors operating outside the breeding area are
likely to influence population size as well as reproductive
performance at the breeding grounds (Pasinelli et al. 2011;
Schaub etal. 2011). Furthermore, habitat segregation between
males and females at the non-breeding grounds in Red-backed
Shrikes has been reported, with males occupying more arid
habitat (Herremans 1997). It is well known that the environ-
ment in sub-Saharan Africais subject to changes due to human
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pressure and climate change (Brink and Eva 2009; Miiller
2009), which could potentially cause sex-biased effects on
individual fitness. Considering that Red-backed Shrikes spend
most of the year in southern Africa (Tgttrup et al. 2012a), it is
important to investigate to which degree environmental con-
ditions operating at this stage will affect individuals during
spring migration and in the subsequent breeding season. As
the Red-backed Shrike undergoes a complete moult at the
non-breeding area in sub-Saharan Africa (Bruderer 2007), the
stable isotope values in the feathers can be used as a measure
of the conditions at this stage.

In this study, we combine spatio-temporal tracking data
of individuals tracked with light-level geolocators from a
northwestern European breeding site with stable-isotope
analyses of feathers belonging to the same individuals. The
aim is to investigate if habitat conditions experienced by
individuals at the wintering grounds in southern Africa
may influence timing of spring migration. Furthermore, we
include data on reproductive performance from the same
breeding population to assess if conditions at the wintering
grounds may carry over to affect breeding performance in
the Red-backed Shrike. We hypothesize that variation in
habitat conditions during the non-breeding season may
affect individual timing of migration, leading to a differ-
ence in arrival schedules that may have consequences for
individual fitness. If habitat conditions experienced during
the non-breeding season are indeed an important determi-
nant of individual fitness, we expect to find a relationship
between stable isotopic values and reproductive perfor-
mance in the subsequent breeding season. In addition, we
test for a relationship between geographical location
derived from geolocator data and stable isotopic values,
and whether habitat conditions in the non-breeding season
differs between males and females.

Methods
Migration phenology

Geographical locations of individual staging areas were
determined from annual tracking of birds from their
breeding sites in northwestern Europe (Gribskov in Den-
mark: 55.98°N, 12.33°E) using light-level geolocators
(Mk10 and Mk12, developed by the British Antarctic
Survey, BAS). Red-backed Shrike territories were mapped
throughout the study site, and individuals were captured
using either spring-traps or mist-nets in proximity to the
nest site. During four consecutive years (2009-2012), 111
Red-backed Shrikes were colour-ringed and fitted with
geolocators using a leg-loop harness. In the following years
31 of these individuals were resighted within the study area
(return rate: 28 %), of which 24 were recaptured. Because

some individuals had lost their geolocator this resulted in
16 geolocators recovered with useful data. Of the 16
individuals, we obtained feather samples from 12 and were,
thus, able to compare stable isotope and geolocator data
(having collected feathers from the year of the retrieval of
the geolocator) from 12 individuals (13 tracks, one indi-
vidual being repeated) breeding in Denmark. Tracking data
from 11 of these individuals have been analysed before and
published with a different purpose (Tgttrup et al. 2012a, b).
Additional data were thus analysed following the same
procedure to ensure comparability among tracks. Geolo-
cator positions were estimated from light-level recordings
using the software BASTrack (Fox 2010). To define sunrise
and sunset times we used a light-level threshold value of
two, corresponding to the sun being below the horizon.
Latitude and longitude positions were inferred from day
length and local noon and midnight, respectively. We
established the most suitable sun-azimuth angle for esti-
mating latitude positions for each individual using the
Ekstrom-Hill calibration procedure (Ekstrom 2004; Hill
and Braun 2001). Departure and arrival dates were deter-
mined from two daily estimates of longitude and latitude
positions. During periods around equinox where day length
is the same, departure and arrival dates were based solely
on longitude positions. Individuals were defined as sta-
tionary when interrupting migration for more than 5 days.
This resulted in the birds having one spring stopover
between the wintering area and the breeding site. Location
of the wintering site and spring migration stopover sites
was estimated as the mean latitude (excluding periods
around equinox) and longitude position within the sta-
tionary period and presented with standard deviations
(Fig. 1). For one individual it was not possible to determine
wintering area position and timing of the stopover in
eastern Africa due to coincidence with equinox period and
poor data quality of longitude positions during this period.
Likewise, for two individuals, arrival at the breeding site
was not possible to estimate due to poor data quality and
battery failure during spring migration. Migration phenol-
ogy, in terms of (1) non-breeding area departure, (2)
departure from the stopover site on the Horn of Africa, and
(3) arrival at the breeding grounds were derived from lat-
itude and longitude estimates. However, during equinox
periods, where day length is approximately the same,
departure and arrival were estimated solely from longitu-
dinal data (Fudickar et al. 2012; Lisovski et al. 2012). For
further information on geolocator tracking and light-level
geolocator analyses see Tgttrup et al. (2012a).

Stable-isotope analysis

Feathers were collected for individuals where we had
obtained information on migration phenology or breeding
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Fig. 1 Mean individual
positions £SD during stationary
periods on spring migration
based on geolocator data.
Triangles represent the
wintering area in southern
Africa, circles the stopover site
in eastern Africa and square the
breeding area in Denmark. Dark
grey symbols represent the early
migrating individual while light
grey symbols correspond to the
individual with repeated tracks.
Dashed arrows show direction
of spring migration (Tgttrup

et al. 2012a)

performance. For each individual, the innermost tail feather
(T1) was plucked, and feathers were kept dry in paper
envelopes until analysis. A total of 57 feathers (belonging
to 50 individuals, some individuals were trapped multiple
years) were collected.

We analysed feathers for 5'°C and §'°N. Feathers are
metabolically inert after growth, and hence carry a signa-
ture of the conditions of the habitat where the feather was
grown (Hobson and Clark 1992). Variation in biochemical
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processes in plants using C3 and C4 photosynthetic path-
ways generate quantifiable differences in 6'°C values; C3
plant species being '*C-depleted relative to C4 plant spe-
cies (Smith and Epstein 1971). Habitats dominated by C3
plants are typically associated with cooler and more mesic
habitat conditions, whereas C4 plant dominated habitats are
often found in warmer and drier environments (from here
on referred to as mesic and arid habitat conditions,
respectively) (Hobson 2005; Smith and Epstein 1971).
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Likewise, high values of 6'°N may indicate warm xeric
habitat conditions (Amundson et al. 2003; Craine et al.
2009).

All feathers (n = 57) were cleaned and washed in a 2:1
chloroform:methanol solution for 24-35 h to remove surface
oil. The feathers were then stored in open containers in a
fume hood to dry for at least 72 h prior to analysis. Samples
were analysed at the stable isotope lab at Queens Facility for
Isotope Research (QFIR), Canada. Samples were weighed
(0.21-0.48 mg, mean = SD: 0.35 & 0.07 mg) in tin cap-
sules and subsequently analysed. During analysis, interna-
tional and in-house standards were used for each isotope and
were repeatable to within SDs better than 0.3 %o for both
0N and 6'3C: graphite (UCI1, 6'*C = —25.49%, n = 3;
NIST21, 6C = —28.19,, n=1), cormorant feather
(OBC =-1649, n=3; 6N =14.0%, n=3), NIST
8551 ammonium sulfate (3"°N = 53.29%,, n = 1), QKNO3
potassium nitrate (0N =45 %0 1 = 2). Standard devia-
tion of duplicates (10 % of samples) of feathers averaged
0.3 %o (n = 7) for 6"°N and §'°C.

Isotope ratios (R) are expressed in J units where

5sample = [(Rsample/ Rstandard) — 1] x 1000

and reported as the Rg,mple Telative to the Vienna PeeDee
Belemnite for carbon and air for nitrogen. Values of 6'°C
ranged from —22 to—13 %o (mean £ SD:—18 =+ 2.1 %o,
n = 57) and 6"°N from 6 to 14 %o (10 & 1.8 %o, n = 57).
Information about migration phenology and the respective
isotopic values for all tracked individuals can be found in
the Online Resource 1.

Breeding performance

Nests were observed at the breeding site at least one time
during the breeding season (2010-2013). Breeding per-
formance was measured as the number of eggs or chicks in
the nest at the most advanced day of observation and as day
of hatching (the day when the first egg in the clutch hatches
estimated from nestling age at the time of visitation). Since
Red-backed Shrikes tend to replace lost clutches, we only
included individuals in our analyses with the first egg in the
clutch hatching before 01-Jul, as later breeding attempts
could not be separated from possible replacement clutches.
For further details regarding nest site preferences and
breeding performance in the study population see (Peder-
sen et al. 2011).

Data analyses

All models were constructed as either linear mixed effect
models (LMMs) or generalized linear mixed models
(GLMMs) with a log-link function fit by maximum

likelihood using the R package “Ime4” 1.1-10 (Bates et al.
2015). However, when the variance of the random effect of
year was equal to zero in GLMMs we used GLMs to avoid
problems with models not converging. To analyse the effect
of conditions experienced at the non-breeding area on timing
of migration we fitted separate LMMs for each migration
step: (1) day of departure from the wintering area in
southern Africa, (2) day of departure from the spring
migration stopover area in eastern Africa, and (3) day of
arrival at the breeding grounds to conditions experienced by
the individual birds at the wintering grounds. To investigate
further the influence of migration timing on duration of
migration, we fitted separate GLMMs or GLMs for each
stage of migration: (4) duration (no. of days) between the
wintering area and the spring migration stopover site, (5)
duration of the spring migration stopover site and (6)
duration between the stopover site and breeding area.

The full model for day of departure from the wintering
area contained fixed effects of local habitat condition (513C
and 6'°N) and latitude at the wintering area; reasoning that
individuals may depart on migration based on their relative
geographic position in relation to the breeding ground. For
day of departure from the spring migration stopover site in
eastern Africa, we included local habitat conditions (only
d"3C to reduce the number of variables due to the small
sample size), latitude at the wintering area, as well as day
of arrival at the spring migration stopover site as fixed
effects. When analysing timing of arrival at the breeding
area we included fixed effects of habitat conditions (513C)
at the wintering area and departure from the spring
migration stopover site. All migration models contained a
random effect of year.

Time spent at the spring migration stopover area in
spring was fitted as a GLMM including a fixed effect of
day of arrival at the stopover site and a random effect of
year. Duration of migration between wintering area and the
stopover area, as well as between the stopover area and the
breeding area were fitted as GLMs with an effect of day of
departure from the non-breeding area and day of departure
at the stopover area, respectively.

Because of the small sample size we were not able to
account for potential differences in migration phenology
between sexes. The dataset contained a single repeated
individual, which we accounted for by running all models
without the repeated track (Online Resource 2). Dates of
departure and arrival were transformed into ordinal dates
(1 =01-Jan) and presented as median dates with
interquartile ranges (IQR).

Breeding success (measured as brood size) was fitted as
a GLMM with the model including a fixed effect of local
habitat conditions at the wintering area (6"3C and 3'°N)
and a random effect of year. Timing of breeding (measured
as day of hatching) was modelled as an LMM with the
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model likewise including a fixed effect of local habitat
conditions at the wintering area (6'°C and 6'°N) and a
random effect of year. As we did not obtain information on
breeding success from individuals tracked with geoloca-
tors, it was not possible to add migration phenology to the
model. To explain variation in isotopic signatures we used
LMMs with a full model including fixed effects of year and
sex and a random effect of individual.

We evaluated the significance of model variables by
removing the parameter of interest from the full model and
comparing this reduced model to the full model using a
likelihood-ratio test (Zuur et al. 2009). Slope esti-
mates + standard errors (SE) are given for model param-
eters excluding non-significant fixed effects.

Homoscedasticity and normality of residuals were
determined from visual inspection of QQ-plots and residual
plots (Zuur et al. 2009). To avoid potential problems
associated with collinearity of model parameters, we cal-
culated the variance inflation factor (VIF). All variables
had VIF < 3 and could thus be included in the models
(Zuur et al. 2010). All analyses were conducted in R 3.2.2
64-bit (R Development Core Team 2015) using the plat-
form R Studio 0.99.486 (RStudio Team 2015).

Results
By combining direct annual tracking with information on

local conditions, we show that individuals wintering in
mesic areas (more depleted in 6'°C) departed later from the
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wintering grounds than those wintering in more arid areas
(0C: p=-284+SE= 1.1, 2 =394, p=0.047,
n = 12, Fig. 2a). There was no effect of the 6'°N isotope
and latitude at the wintering area on departure decisions
(0"N: p = —1.43 £ 2,51, 2 = 0.13, p = 0.719; latitude:
B=1.134052, y3 =259, p=0.108, n = 12). How-
ever, when removing the early migrating outlying indi-
vidual from the analyses (Fig. 2) it was not possible to
disentangle the effect of latitude and local conditions in
terms of 6'°C on departure decision from the wintering
area (513C: p = —147 £ 0.56, X% =4.24, p = 0.04; lati-
tude: B = 1.15£0.24, 2 =11.81, p <0.001, n = 11),
whereas 6'°N was still not significant (6'°N:
B=154+12, y2=153, p=0216, n=11). There
was no relationship between wintering area latitude and the
0'3C isotope (r= —0.25, p = 0.435, n = 12, Online
Resource 3). Departure from the stopover site in eastern
Africa was strongly related to individual migration sched-
ules with late arriving individuals also leaving this stage
late (B =0.75 £ 0.08, 2 =17.63, p <0.001, n = 12).
However, we found no effect of conditions and latitude at
the wintering area on timing of departure from the stopover
site (6"°C: B = 0.1 £ 0.54, 3 = 0.46, p = 0.5; latitude:
B =0.154 024,73 = 0.82, p=0364, n=12). This
result did not change when removing the early migrating
individual (stopover arrival: f = 0.74 + 0.12, X% =10.04,
p = 0.002; 6"°C: B =0.06 + 0.6, 2 = 0.28, p = 0.596;
latitude: f = 0.21 £ 0.28, y1 = 0.78,p = 0.377,n = 11).
Breeding area arrival did not seem to be related to either

-20 -18 -16
§13C (%o)

Fig. 2 Relationship between a 5'°C from feathers of Red-backed
Shrikes grown at the wintering grounds and b latitude at the wintering
grounds and timing of spring migration. Circles correspond to
wintering area departure, triangles to departure from the spring
stopover site in eastern Africa, and squares to arrival at the breeding
grounds in Denmark. Black segments connect the migration schedule
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24 -20 -16
Wintering area latitude

for each individual. Dark grey symbols represent the early migrating
individual, while light grey symbols correspond to the individual with
repeated tracks. The top-fitted line in b is driven by the early
migrating individual. Grey panels represent 95 % confidence
intervals
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individual migration schedules (stopover site departure:
B=05+028, y2=3.11, p=0.078, n = 10; without
early p=—-0.05+£0.12, /% = 0.07,
p = 0.792, n = 9) or local conditions at the wintering area
(0PC: p=—041 £ 141, 2 = 042, p = 0515, n = 10;
without early individual: B = 0.6 + 0.4, »i=1.89,
p =0.169, n =9). In terms of duration of migration in
between stages, we found that individuals arriving late at
the stopover site in eastern Africa spent significantly fewer
days at this stage than early arriving individuals
(B = —0.03 £ 0.01, y3 =5.23, p = 0.019, n = 12; with-
out early individual: B = —0.03 & 0.01, »3=3.8,
p = 0.051, n = 11). Likewise, individuals departing late
from the stopover site spent fewer days on migration
towards the breeding grounds (f = —0.02 £ 0.01,
}5% =20.73, p = 0.01, n = 10; without early individual:
B =—0.034001,72=-199, p<0.00l, n=9). In
contrast, we found no influence of a late departure from the
wintering area on duration of migration in between the
wintering area and the stopover site (f =0+ 0,
X% = —17.84, p = 0.149, n = 12; without early individual:
B =—0.01 £ 001, 7 =-2,p =0.157,n = 11).

There was no indication that local habitat conditions at
the wintering area (6'°C and 6'°N) carried over to influ-
ence breeding performance in terms of brood size (5'°C:
B=-003+005 ;=034 p=0562; "N
p =0 =£0.06, ;{% =0, p=0991, n=18) or day of
hatching (6"°C: B = 0.56 & 0.54, 7} = 0.66, p = 0.418;
PN: B =095+ 069, 2 =151, p=022, n=22).
Removing observations where only eggs had been
observed did not change this result (brood size: 6'°C:
B=-003+005 =027, p=0.603 O°N:
p=0=£0.07, x% =0.01, p=0.904, n=13; day of
hatching: 6"°C: f = 0.07 & 0.54, 5> = 0.02, p = 0.901;
ON: =085+ 072, 12 =131, p =025, n = 16).

Departure dates from the wintering area ranged from 07-
Mar to 13-Apr (median: 27-Mar, IQR: 9 days). At the
spring stopover area individuals departed in between 11-
Apr and 07-May (median: 28-Apr, IQR: 13 days), while
arrival dates at the breeding ground ranged from 29-April
to 02-Jun (median: 26-May, IQR: 4 days). Re-running all
analyses on migration phenology without the single repe-
ated track revealed similar results as those presented here
with only a few exceptions, most likely caused by a small
sample size (n = 8-9) (Online Resource 2, 4). Isotopic
values of 6'3C and 0N were not associated (r = 1.68
ts5 = 1.26, p = 0.212, n = 57) and did not differ between
years or sex (513C, year: X% =74, p=0.193; sex:
73 =0.02, p=0879, n=57), (5°N, year: y} =5.68,
p = 0.339; sex: x% =0.79, p = 0.374, n = 57).

individual:

Discussion

We found that individuals wintering in relatively mesic
habitats and at lower latitudes departed later from the
wintering site than those exposed to more arid habitat
conditions. However, the effect of local non-breeding area
conditions and latitude were not present at subsequent
stages of migration and late departing individuals spent
fewer days on spring migration. Furthermore, there was no
apparent carry-over effect of habitat conditions at the non-
breeding area on breeding performance.

Timing of spring migration

Given competition for optimal arrival at the breeding
grounds, individuals departing late from the non-breeding
grounds must reduce the amount of time spent on migration
in order to catch up with early departing individuals
(Kokko 1999; McNamara et al. 1998). This can be
achieved by (1) shorter migration distance (by wintering
closer to the breeding area), and/or (2) increasing the speed
of migration by, e.g., reducing the number of days spent
migrating or staging. Here we show that although indi-
viduals in more mesic habitat (depleted in 6'°C) departed
later from the wintering site, the effect of habitat conditions
on departure from the spring migration stopover site and on
breeding area arrival were absent, suggesting a simulta-
neous arrival at the breeding site despite variation in
departure schedules from the wintering grounds. This was
further supported by results of the models indicating that
late departing individuals spent relatively fewer days at the
stopover area and on the last part of migration towards the
breeding area. Furthermore, we found a consistency in
individual timing of departure from the spring stopover site
in eastern Africa, while there was no apparent difference in
timing of arrival at the breeding site. This may be due to
individuals using different strategies to ensure arriving at
the breeding grounds at a specific time, which could reflect
individual capabilities or a difference in migration routes
involving stopovers of different habitat quality that may be
more important for determining timing of migration in this
species (Tgttrup et al. 2012b). A single early migrating
individual highly influenced our results, making it difficult
to distinguish between the effect of habitat conditions and
latitude on departure times from the non-breeding area.
However, we found no correlation between habitat condi-
tions and latitude, suggesting that these factors explained
different parts of the variation in departure times (Online
Resource 3). Because of our small sample size, we
acknowledge that other factors not included here may
impact the results. Still, we are able to present patterns in
the individual variation explained by conditional proxies
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and support for individual adjustments in timing of
migration indicating individual strategies.

Previous studies using stable-isotope analysis to inves-
tigate environmental conditions at the non-breeding
grounds in relation to carry-over effects in the Nearctic-
Neotropic system have shown that moist habitat conditions
are generally associated with an early departure from the
non-breeding grounds (Marra et al. 1998; Studds and Marra
2005), improved body condition (Bearhop et al. 2004;
Marra et al. 1998; Smith et al. 2010), and an early arrival at
the breeding site (Marra et al. 1998; Norris et al. 2004;
Tonra et al. 2011). However, a recent study suggests that
this pattern may not hold for all species or even among
individuals of the same species wintering in different
regions (Gonzalez-Prieto and Hobson 2013). Furthermore,
Yohannes et al. (2012) found a late arrival at a spring
staging area to be related to moist habitat conditions at the
African non-breeding grounds in garden warblers (Sylvia
borin) and (Tgttrup et al. 2008) found later migration in
years with favourable conditions in five long-distance
warbler species. These differences may be due to species
having different habitat requirements during the non-
breeding season (Arizaga et al. 2013; Jenni-Eiermann et al.
2011; Maggini et al. 2015). Furthermore, it should be noted
that isotopic values reflect the composition of the diet at the
specific time of moult, thus providing a snapshot of the
habitat conditions at the particular time when the individual
moulted rather than the overall habitat conditions that may
vary in isotopic values across the season (Ostrom et al.
1997). However, our results further suggest that the link
between the non-breeding area and the breeding grounds
may be more complex and not necessarily dependent on
conditions experienced at the wintering grounds.

Breeding performance

We found no carry-over effect of local non-breeding area
conditions on breeding performance in terms of brood size
and day of hatching. This is in correspondence with recent
studies finding that non-breeding area habitat in western
Africa may not be limiting populations of whinchats
(Blackburn and Cresswell 2015, 2016). In contrast, Schaub
et al. (2011) found that breeding success of Red-backed
Shrikes in southwestern Germany was mainly influenced
by factors operating at the autumn migration staging area in
the Sahel region. Similarly, previous studies covering a
variety of songbird species have found effects of non-
breeding area conditions on breeding performance (Both
et al. 2006; Drake et al. 2013; McKellar et al. 2013; Norris
et al. 2004; Rockwell et al. 2012; Sillett et al. 2000).
However, like this study, these did not take into account
conditions experienced at the breeding grounds. As
breeding performance is likely to be influenced primarily
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by timing of arrival and local conditions at the breeding
site (Gienapp and Bregnballe 2012; Norris et al. 2004;
Ockendon et al. 2013), we recommend taking these factors
into account in future studies within this field. In addition,
we recognise that the sample size in this study may not
have been large enough to detect a difference in breeding
performance, thus causing a Type II error.

The range of 6'C values indicated overall dry condi-
tions at the wintering site (Smith and Epstein 1971) con-
firming the preference for semi-arid environmental
conditions (Bruderer and Bruderer 1993, 1994) and in
concordance with values of 6'°C reported in previous
studies of this species (Jakober et al. 2007). We found no
association between values of 6'°N and 6'>C. However, it
is well known that §'°N is confounded by other factors
such as trophic level of prey items, species composition,
land-use and mycorrhizal associations and thus, may pro-
vide less credible information on habitat conditions (Kelly
2000; Pardo and Nadelhoffer 2010).

Habitat segregation between males and females at the
non-breeding grounds in Red-backed Shrikes have previ-
ously been reported, with males occupying more arid
habitat (Herremans 1997). We found no indication that sex
had an influence on the variation of stable isotopic values,
suggesting that male and female shrikes occupy similar
habitats during the non-breeding season, which is consis-
tent with the findings of (Jakober et al. 2007). The lack of a
difference between sexes could be due to isotopic values
reflecting diet rather than being a measure of habitat con-
ditions. We recognize that age-class variation may be
important when investigating seasonal interactions as
strength of carry-over effects may vary with age (Drake
et al. 2013). However, determination of age in Red-backed
Shrikes from the second calendar year is unreliable
(Svensson 1992), and hence age was not considered in this
study.

The return rate of Red-backed Shrikes equipped with
geolocators in this study (28 %) is similar to what has
previously been found in ringing studies on this species
in northern Italy and in the southwestern part of the
Czech Republic (Massa et al. 1993; Simek 2001).
However, return rates as high as around 50 % in south-
western Germany and the Netherlands have been repor-
ted (Geertsma et al. 2000; Jakober and Stauber 1987)
while extremely low return rates were found in Poland
(3-4 %), potentially owing to the wider availability of
high quality habitats in this region (Tryjanowski et al.
2007).

Assessing how events during the year interact and
influences individuals is important to understand the
underlying causes of population dynamics. This study
challenges the view that long-distance migrant populations
may be limited by habitat conditions at the non-breeding
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grounds. Furthermore, it highlights the potential value of
combining different methodologies in order to benefit from
the advantages of each approach. Future research should
continue to draw on novel tracking technologies, such as
miniaturized geolocators, providing enhanced opportuni-
ties to collect information on year-round movements of
individuals to address still unresolved questions regarding
seasonal interactions.
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