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Abstract

Long-distance migrants are suffering drastic declines in the last decades. Causes
beneath this problem are complex due to the wide spatial and temporal scale
involved. We aim to reveal migratory routes, stopover areas, wintering grounds,
and migratory strategies for the most southwestern populations of the near-
threatened European Roller Coracias garrulus in order to identify conservation key
areas for the non-breeding stage of this species. To this end, we used tracking data
from seven satellite transmitters fitted to birds breeding in different populations
throughout the Iberian Peninsula and four geolocators fitted to individuals in a
southeastern Iberian population. Precise satellite data were used to describe daily
activity patterns and speed in relation to the main regions crossed during the
migration. Individuals from the most southwestern Iberian populations made a
detour towards the Atlantic African coast whereas those from northeastern
populations followed a straight north-to-south route. We identified important
stopover areas in the Sahel belt, mainly in the surroundings of the Lake Chad, and
wintering grounds on southwestern Africa farther west than previously reported for
the species. Concerning the migratory strategy, satellite data revealed: 1) a mainly
nocturnal flying activity, 2) that migration speed depended on the type of crossed
habitat, with higher average speed while crossing the desert; and 3) that the
migration was slower and lasted longer in autumn than in spring. The studied
populations showed weak migratory connectivity, suggesting the confluence of
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birds from a wide range of breeding grounds in a restricted wintering area.
Therefore, we suggest to target on defining precisely key areas for this species and
identifying specific threats in them in order to develop an appropriate global
conservation programme for the European Roller.

Introduction

Migrant birds are highly vulnerable, as they must cross many different habitats
while performing their year-round life cycle. Consequently, migrants are liable to
be affected by multiple ecological and social challenges in diverse places and
occurring at different times [1]. Wide continental analyses have revealed that
migrant birds are involved in a sustained decline of their breeding populations in
Europe, which is even more drastic for long-distance migrants [2, 3]. Therefore, a
major challenge for conservation biologists is to investigate whether the observed
decline of migrants is related to the loss of breeding or winter habitats, heightened
mortality during migration, or some combination of these [4]. Thus, conservation
of migratory birds depends largely on the identification of key areas and threats
through the migratory pathway and in their wintering grounds as well as the
examination of migratory connectivity among populations [5, 6]. This urge,
together with the decreasing size and cost of tracking technologies have fuelled a
growing interest for studying the non-breeding stages of many medium and small-
sized migrant birds [7—11], even though the total harmlessness of these techniques
is debatable [12-15].

In this context, identifying migratory strategies is also essential to understand
how birds may optimize energy expenditure in relation to foraging and
meteorological conditions they experience during their journey [16]. For instance,
nocturnal migration allows diurnal foragers to refuel during daylight for travelling
by night, when they might evade predators and worst diurnal atmospheric
conditions, such as extremely high temperatures and/or air turbulences [17].
Alternatively, diurnal migration may be beneficial in terms of orientation,
allowing birds to find best habitats to stop and forage, or foraging while flying
[18], and avoiding the negative consequences of sleep deprivation [19]. Migratory
behaviour may also vary between and within species in response to habitat
characteristics that pose major challenges at a wide spatial scale. For instance,
some trans-Saharan migrants have adapted their pace by increasing their speed
and lowering the number of stops [20,21], and others by choosing an alternative
route [22].

The European Roller Coracias garrulus (Roller, hereafter) has suffered a global
decline of its breeding population of about 30% in the past few decades [23],
classing this species as near-threatened. Indeed, this decline is among the most
drastic ones for Afro-Palaearctic migrant farmland birds wintering in open
savannahs [2]. The knowledge about the migration routes and wintering grounds
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of Rollers is scant as it comes from a few ringing recoveries of central and eastern
European birds at a few African places [24-26]. The first serious attempts of
revealing the migratory route of western Rollers’ populations combined field
observations, a low number of ringing recoveries and the occasional report of
corpses [27]. Based on this disjointed information up to four different routes have
been hypothesized: 1) diagonal crossing of the Sahara Desert to eastern Africa
[28,29]; 2) a detour to the east crossing south towards Tibesti-Uganda [30]; 3) a
north-south cross of the Desert to Niger [27] or; 4) a detour to the west passing
through Senegal [31, 32]. Recently, deployment of geolocators in southern France
and Portugal based on three and two individuals respectively, show two
alternative routes to reach wintering grounds in southwestern Africa in Angola:
the former following a straight track across the Mediterranean Sea and Sahara
Desert [33], and the later taking a more western route [34]. However, these
patterns were based on less accurate geolocators, which precluded a precise report
of spring migration, and on individuals from a single breeding locality. In this
work, by deploying satellite transmitters and geolocators on adult breeding
individuals from different Iberian populations, we describe in detail for the first
time migratory routes and wintering grounds of the most south-western
European populations of this near-threatened species. Moreover, we describe its
migratory strategy along different stages of the journey. In addition, we explored
migratory connectivity for Iberian Rollers by studying the spatial distribution of
individuals in their breeding and wintering grounds.

Materials and Methods

Adult Rollers were trapped using nets during the late incubation stage or when
they had small nestlings in 2012 and 2013 breeding seasons (June-July) in Spain.
Birds were ringed, measured and weighted and most of them were also sexed by
molecular methods [35] (Table 1). 5-g solar-powered PTT-100 satellite
transmitters (Microwave Telemetry Inc., Columbia, MD, USA) were deployed on
twelve individuals as a backpack using a ribbon Teflon harness [36], although we
only recorded seven birds initiating their migration due to death or device
malfunction of the other five birds: one female in the southeast (Granada,
hereafter PTT-GR), two males and one unsexed individual in the middle zone
(Madrid, PTT-M; Ciudad Real, PTT-C; and Badajoz, PTT-B) and three males in
the northeast (Lleida, PTT-L; Girona, PTT-G and Huesca, PTT-H) (Table 1).
Satellite transmitters were programmed with an about 8-h ON/ 15-h OFF duty
cycle. Cycles started at different time of the day allowing to get a rough
representation of the complete daily pattern of activity. For each duty cycle, the
satellite transmitter sent a variable number of locations of different quality. High
quality locations (classified according to their accuracy as LC 3 (up to 250 m), 2
(up to 500 m), 1 (up to 1.5 km); [37]) were preferentially used. However we
relied on lower quality locations (>1.5 km) to define important data points (i.e.
precise arrival or departure dates) when higher quality data were not available. We
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got (mean +SD) 1127 4563 locations per device on average, of which a

46.2 4+ 17.4% were high quality data (LC 3, 2 and 1). To describe individual
migratory routes we built a dataset by selecting one of the highest quality locations
per hour and individual. PTT-L reached its breeding area in 2013 and, therefore,
provided us with a complete record of its annual cycle. PTT-H performed its
autumn migration and was still recording by the time this work was done. The
signal of PTT-G was lost at some point during its autumn migration, whereas
PTT-M and PTT-C signals were lost during their spring migrations. Finally, the
signals of PTT-GR and PTT-B were lost once they arrived at their wintering
quarters. Moreover, during the 2012 breeding season, 12 adults settled in a
population located in the southeast of Spain (Almeria) were tagged with 2.5 gram
light-level geolocators (model MK4490C manufactured by Biotrack Ltd., United
Kingdom). Geolocators use ambient light to estimate latitude and longitude (2
positions per day), determined by day and night lengths and time of local midday
or midnight, respectively [38]. Although precision of locations is considerably
lower for geolocators than satellite transmitters, they have proved to be an
efficient technique for assessing long-distance movements for small and medium-
sized birds [9, 10, 39, 40], including Rollers [33, 34]. Half of the geolocators were
fitted with a ribbon Teflon leg-loop harness [41] and half with a backpack harness
[36]. Four birds equipped with geolocators were recaptured the next year, two of
each attachment design (named as GLS-1 to GLS-4) (Table 1). For unknown
reason GLS-1 stopped recording locations at the wintering grounds.

Geolocators were calibrated for one week before deployment at a location close
to breeding sites. Light-level curves were generated and supervised using
BASTrack software [42], inferring latitude from length of daylight and darkness
periods, and longitude from local time for midday and midnight. We used a
threshold value of 2, and values of solar angle obtained for each device from
calibration period (angles ranging from —4.9 to —4.5). A confidence value was
assigned to each dusk/dawn according to interferences and uncertainty in the light
curve and timing.

After obtaining geographic coordinates data, we evaluated the reliability of each
position according to days from equinox and confidence values. An iterative
forward/backward averaging velocity filter was applied to remaining positions
[43]. The speed limit index was set as the 95th percentile of the speed index [44].
After filtering, we discarded on average 34% of positions for each individual.

Location data from geolocators collected between the 1% September and 12
October and between 28™ February and 10™ April were estimated only from
longitude, as estimations of latitude during the equinoxes are highly imprecise. In
addition, latitudinal deviations are higher when locations are close to the equator
[45]. Therefore, when departure or arrival from one stopover or wintering area
was influenced by equinox, producing unreliable locations, we trusted on previous
or late reliable positions to estimate latitude. Next, we looked on their
corresponding longitude coordinate to determine movement according to
position variation or stabilization in the horizontal axis. If the period of longitude
stabilization extended beyond the equinox, we assumed that no movement
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happened either in longitudinal and latitudinal axis during that period. Hence,
departure or arrival date was assigned when longitude varied. However, results
derived from these periods and latitudinal range should be considered as
approximations.

Onset of migration was identified by abrupt changes in movement pattern,
directionality and stability of travelled distance following Limifnana et al. [46]. End
of migration was identified when we detected a stop longer than 10 days once the
bird had crossed the equator. From satellite data, stopovers were assigned when
we detected less than 20 km of displacement in at least 24 hours. From
geolocators data, stopovers were identified when at least five consecutive points
were included within an area with a diameter of 300 km (given that the average
error +SD of geolocators is 185+ 115 km [42]). For clarity in the maps, we used
the average values of latitude and longitude coordinates from locations assigned
to each stopover. To represent the wintering grounds of satellite-tracked birds, we
calculated average coordinates per individual using only one random of the
highest quality positions for each 24 hour period. For geolocators, we used Home
Range Tools for ArcGIS 9.3 [47] and estimated kernel density areas which
comprised 50, 70 and 90 percent of the wintering locations.

Migratory strategy

From the data set extracted from satellite transmitters we selected pairs of high
quality locations for each individual (excluding inactive locations corresponding
to stopovers and wintering grounds) yielding a subset of 132 segments of 1 to

8 hours duration. As distance travelled and time lapse for each segment are
known, we were able to estimate the speed of flight of each bird in these segments.
This allowed us to study flight activity of each bird in relation to time of day and
region overflown. We classified every segment attending to a threshold of 5 km/h
[48] into stationary, when speed was below 5 km/h, and travelling, when speed
was above 5 km/h. We also classified segments according to latitude in four
regions: Sahara Desert (from Mediterranean Sea to 19°N), Sahel (from 19°N to
7°N), Equator (from 7°N to 15°S) and Southern Savannah (15°S to wintering
grounds). Finally, segments were classified according to light conditions as
daylight and darkness in relation to dusk and dawn local hours.

Speed of migration

To estimate the average speed during migration we calculated duration and
distance for each migratory step for both geolocator and satellite-tracked birds.
One step was defined as the movement between two consecutive stops. Duration
was calculated using the starting and ending locations of the movement. Distance
was differently estimated depending on the type of stop: for breeding grounds we
used the known capture location; for stopovers we used the average location
calculated from high quality data; for wintering grounds we used the first high
quality location as the final destination in autumn migration and the last one as
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Fig. 1. Migratory routes, stopover sites and wintering grounds of southwestern European Rollers. Tracks recorded by satellite tranmitters (left) and
geolocators (right) between breeding sites in the Iberian Peninsula and the wintering grounds (blue dots and blue areas, respectively) in southwestern
Africa. Red and green colours correspond, respectively, to autumn and spring migrations. Dots represent stopovers, and their sizes are relative to time spent
(the longer the period, the bigger the spot). Dotted lines indicate uncertainty provoked by the equinoxes. Locations assigned before and after dotted lines are
partially based on longitudinal data and should be considered as approximations. Geolocators data for latitudes close to the equator have high associated
deviations and thus should be interpreted carefully [45]. Wintering grounds for satellite-tracked birds were located by calculating average coordinates, whilst
for geolocators they were calculated by kernel density estimation for 50, 70 and 90% of the locations.

doi:10.1371/journal.pone.0115615.9001

the starting point in spring migration in order to avoid likely itinerancy during
winter [49]. Speed of migration from geolocators data around the equinoxes was
derived using the average of those locations within the stopover that were not
affected by equinox (thus we are assuming that latitudes does not vary while
longitude is constant), and duration was estimated from changes in longitude.
Each step was classified in regions as indicated for short segments. As steps can be
long and include more than one region (Fig. 1), we assigned the step to the region
that represented a major proportion of its length. Movements outside Africa (i.e.
across the Mediterranean Sea or the Iberian Peninsula) were discarded in analyses
of differences among regions.

Statistical methods

Statistical analyses were performed with the software SAS, version 9.2 and R 2.15.3
[50]. Mann-Whitney tests were used to analyze differences in duration and speed
of migration between autumn and spring seasons. We fitted a generalized linear
model by stepwise procedure to model variation in Roller flight activity based on
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segments as a binomial dependent variable (stationary vs. travelling, logit link
function; PROC GLIMMIX procedure in SAS) in relation to time of day (daylight
vs. darkness) and overflown region as fixed terms. The interaction between these
two factors was also entered to test whether patterns of flight activity between day
and night changed over regions. A previous analysis in which we entered
individual identity as a random intercept to this model to control for non-
independence of segments from different individuals revealed that the variance
component for individual identity was zero and, thus, that individual identity
could/should be removed from the model [51]. Results remained the same after
the removal of this random intercept. The square-root transformation of speed
data for migratory steps was fitted to a general linear mixed model to explore its
variation in relation to region using bird identity as a random factor. Analyses
were done separately for data based on satellite transmitters and geolocators due
to their different error and accuracy. Post-hoc Scheffé multiple comparison tests
were performed to look for differences in speed between regions.

To study migratory connectivity we have followed a method similar to the one
proposed by Ambrosini et al. [52]. A Mantel test was performed to explore the
correlation between distance matrices of breeding and wintering areas of tracked
birds using the R package ‘ecodist’ [53]. Distances were measured along
loxodromes and were calculated using centroids to represent wintering areas, and
locations of capture for breeding grounds. High level of correlation between
distance matrices between breeding and wintering locations would suggest high
migratory connectivity. The significance of Mantel test was checked using
permutations with estimations of p-values after 10000 randomizations. Although
ringing recoveries may provide very useful information on this respect, we
confirmed that there are not reported ringing recoveries of Spanish rollers outside
Spain by checking the Spanish Ringing Scheme database (SEO/BirdLife, http://
www.anillamientoseo.org/).

Ethic Statement

The deployment of geolocators and satellite transmitters did not take more than
20 minutes and had no obvious effects on the reproduction of tagged birds. This
study was approved by the relevant authorities (regional governments of
Andalucia, Aragon, Castilla-La Mancha, Cataluna y Extremadura; research
permits CGL2008-00718 and CGL2008-00562). Hence, all necessary permits were
obtained for the study, which complied with the national legislation of Spain
concerning animal handling and tagging. Study areas are privately owned and
permission to use the areas was acquired from the land owners.
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Results

Migratory routes and wintering grounds

Departure from the breeding areas occurred between the 21% July and the 6™
September in 2012 and between 27" August and 12 September in 2013. These
interannual differences may be associated to differences among sampled
populations, which differ between years (see Table 1), and/or to isolated cases of
breeding failure (e.g. the bird that started migration on July 21* failed to raise any
fledgling). Crossing to Africa occurred in three ways (Fig. 1). Birds breeding in
central Spain headed south towards the Gibraltar Strait. Meanwhile, birds
breeding in the south-east of Spain arrived to Africa crossing the Mediterranean
Sea usually following a straight line, through the Alboran Sea. The three birds
from the northeastern populations, however, crossed the Mediterranean Sea
through the Balearic Islands or near them to enter Africa by Algeria and Tunisia,
with short stopovers near the coast (3 and 5 days). After reaching Africa, birds
either continued southeast through the Sahara Desert or southwest following the
coastal line to their first stops in the Sahel Belt in Senegal, Guinea and the
southern regions of Mauritania and Mali, where they stayed between 4.8 and 39
days. In two cases, Rollers had first stopped along the southern face of the Atlas
Mountain Range in Morocco (7.5 and 19.5 days). We also detected one important
stopover in Burkina Faso of 16.5 days. Next, they followed the northern border of
the Sahel Belt to the East to reach Chad, Niger and Nigeria, making short
stopovers on the way, where they generally spent less than a week, except for the
bird GLS-1 that apparently took a southern route to Ghana, where it spent 35.5
days. Bird PTT-L reached Chad from Algeria flying through Tunisia and Libya
without any stopover on the way. Bird PTT-H travelled first to a short stopover in
the east of Libya (1 day) and turned south to Chad making an important stopover
in the north of Chad (26 days). In Chad, Niger and Nigeria, we identified long
stopovers for every bird taking place from 16™ September to 7™ November and
staying between 11 and 41 days. Central Iberian birds took 29 and 44 days to
complete this first stage of the migration, whereas southeastern birds ranged from
39 to 68 days. On the other hand, northeastern birds spent 17 and 41 days to
perform their route. From the long stopover in Sahelian areas in Chad, Niger and
Nigeria, every bird headed south-southeast to Angola, Namibia and Botswana
between 16™ October and 19™ November, where they established their wintering
grounds (Table 1, Fig. 1). Birds arrived there between 31°* October and 22"
December and their stay lasted between 66 and 133 days. We detected previous
short stopovers in Angola and Congo in satellite-tracked birds, but in the case of
geolocator-tracked birds we were not able to identify any stopover close to the
wintering grounds due to their lower precision. Spring migration information
corresponds only to year 2013 for birds tagged in 2012, as the last date available
for those tagged in 2013 was 16™ March 2014. Spring migration started from 10™
February to 1°* April, when birds headed north-northwest to Central African
Republic, Chad and Cameroon to make a short stopover of 3 to 18.5 days (Fig. 1).
Next, they headed to the West mainly following the southern border of the Sahel

PLOS ONE | DOI:10.1371/journal.pone.0115615 December 31, 2014 10/19



@'PLOS | ONE

Migration of Iberian Rollers

100%

6
80% 3 L
6
60% 8 21
20
2
40%
14
5 19
7
20%
2 5
2
0% 5
day night day night day night day night
Sahara Sahel Equator Southern Savannah

Fig. 2. Travelling activity during migration of Rollers. Percentage of segments flying faster than 5 km/h in
relation to time of day and overflown region. Numbers on bars indicate the number of segments in each
category (grey for travelling segments, white for stationary segments).

doi:10.1371/journal.pone.0115615.g002

Belt to stop in Ivory Coast, Liberia, Ghana and Guinea for 13.5 to 24.5 days. From
these points they changed their directions to the north, heading towards the
Alboran Sea to arrive to the Iberian Peninsula in cases of birds GLS-2 and GLS-4
and towards north Algeria in the case of PTT-L, to cross again the Mediterranean
Sea to Menorca Island, where it turned west to its breeding ground. Bird GLS-3
travelled by a northern route from Chad to Mauritania, where it stayed 37.5 days,
and then joined the western route to the Alboran Sea. No bird entered the Iberian
Peninsula through the Gibraltar Strait, but we lacked returning information from
Rollers from the most western breeding populations. Rollers arrived at their
breeding grounds between the 14™ April and 12™ May.

Comparison of duration and speed of migration between autumn and spring
seasons revealed that autumn migration lasted significantly longer when we
considered time spent in stopovers (Table 1, Mann-Whitney test: Z-adjusted
=2.83, P=0.005) and after excluding it (Mann-Whitney test: Z-adjusted =2.33,
P=0.020). Consequently, autumn migration was significantly slower than spring
migration (Table 1, Mann-Whitney test: Z-adjusted =—2.42, P=0.016), although
the number of stopovers did not significantly differ between the two migratory
periods (Mann-Whitney test: Z-adjusted =1.84, P=0.07).

Migratory strategy: Flight activity in relation to daily time and
region

Analysis of segments revealed that travelling movements (>5 km/h) were
significantly more frequent during darkness than during daylight (time of day
effect: F 1,6=27.80, P<<0.001, Fig. 2). This pattern did not vary between the four
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Fig. 3. Migration speed of Rollers in relation to region. Box plot showing median levels of migration speed
(km/day) in relation to crossed region, separated by tracking method: satellite transmitters (PTT) and
geolocators (GLS). Boxes show interquartile ranges (IQR). Bars represent maximum and minimum values
within 1.5 IQR. Dots represent outliers (outside 1.5 IQR). Numbers inside boxes represent sample size
(number of steps between consecutive stops, given non-significance of the random factor bird identity; see
Results).

doi:10.1371/journal.pone.0115615.g003

regions (time of day* region effect: F;;,3=0.18, P=0.91; region effect:
F5126=0.59, P=0.62; Fig. 2). Estimated speed in segments was (median [range])
9.87 [0.12 to 84.31] km/h during the night and 1.31 [0.09 to 46.42] km/h during
daylight hours.

Overall speed of migration

Using the data received from satellites, Rollers travelled at a different speed
depending on the overflown region (region effect: F;;3=15.06, P<<0.001; bird
identity effect: Z=0.41, P=0.34, Fig. 3). In particular, we found differences
between Sahara and Sahel (Scheffé test: P=0.013) and between Southern
Savannah compared to other regions (Scheffé tests S. Savannah — Sahara:
P<<0.001; S. Savannah — Sahel: P<<0.001; S. Savannah — Equator: P<<0.001), but
they were not significant when comparing Sahel and Sahara with Equator (Scheffé
tests: P=0.07 and P=0.96, respectively). Analyses based on less precise geolocators
revealed a similar but not significant trend (region effect: F, ;o=1.39, P=0.27; bird
identity effect: Z=0.76, P=0.22).
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Migratory Connectivity

Ten birds were used to build the distance matrices as one individual did not reach
the wintering area. Differences in distance among breeding locations did not
significantly relate with differences in distance among wintering locations
(r=—0.22, P=0.91).

Discussion

Migratory routes and wintering grounds

Our results show that Iberian Rollers migrate to Africa using two alternative
strategies (Fig. 1). This seems to indicate the existence of a western limit, or a
cline, which separates these different strategies. At an intermediate level of this
cline would be the southeastern population of Almeria which make a moderate
western detour but then cross the Sahara desert directly. However, all birds from
this population were tracked with geolocators, and thus we cannot discard the
possibility that these results are a consequence of the lower precision of this
tracking technique compared to satellite-tracking. More detailed sampling is
needed to confirm this split of strategies.

Both western and straight paths converge in the Lake Chad surroundings and,
from that point, the last phase of migration is common to every bird, in a
continuous flight over the tropical forest to their final wintering destination in the
savannahs of southwestern Africa, in Angola, Namibia and Botswana (Fig. 1). Our
results also show that Iberian Rollers do not spend the non-breeding period in the
savannah belt north of the Sahel, as had been previously suggested [49, 54], and
support the hypothesis of a concentrated passage across the equator for land birds
that winter at Southern Hemisphere latitudes in Africa [55].

In term of distances, birds using the western route that follows the Atlantic
African coast covered 9407 km in average, while the northeastern bird that used
the straight route covered 8667 km. The western route leads to a detour twofold
longer than the straighter route (41 per cent more distance than the loxodrome
versus 23 per cent, respectively). Detours are widespread when facing with strong
barriers to minimize risks related to harsh conditions [22]. In this case, it implies a
reduction of the travel segment through the desert of 500 km approximately from
about 2000 km of which birds using the inland way have to deal with. This route
may bring benefits due to lower temperatures and lower risks of dehydration by
the proximity of the Atlantic Ocean, even though they have to travel an additional
distance to reach their wintering grounds.

Regarding the spring migration, we found different routes among individuals
compared to autumn migration. Although birds appear to use the same corridor
that they used in the autumn migration to cross the rainforest, the spring route
seems to diverge into two alternatives as soon as individuals reach the savannah
belt (Fig. 1). Nevertheless, it should be taken into account that details of the
spring migratory route are based on 3 geolocators and only 1 satellite transmitter
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and, therefore, it lacks of the same precision of the description of autumn
migration.

Migratory strategy and behaviour

Our results also show for the first time in this species flight activity during the
migratory stage, revealing a different pattern of migration from what was
previously thought. Cramp [56] describes the species as a diurnal migrant, but
here we demonstrate that migration occurs mainly during the night. This is not
surprising considering its diurnal foraging habits (hunting from perches [57]), as
well as its flapping flight (thus, they do not depend on thermal air [58]).

Birds covering long distances in each step should spend more time in refuelling
to be prepared for the journey and, consequently, they probably would start their
migration later than birds which use a route that allows them to stop for rest and
forage frequently [59]. This hypothesis is supported by our data, showing a later
onset for northeastern Iberian Rollers (all departures were in September, Table 1),
whereas southern Rollers started their migration between July and August
(Table 1). Nevertheless, this delay does not happen in the French populations,
where the onset of migration occurred in mid to end of July [33], which could be
due to differences in environmental conditions in the breeding habitats.
Moreover, the time spent in completing the first stage from the breeding grounds
to cross through the hardest part of the travel reveals different strategies on
crossing ecological barriers. Birds from northeastern populations took relatively
shorter time (17 and 41 days) than the rest (median (IQR)) 51 (22) days to reach
the Lake Chad Basin. Furthermore, the northern bird that took 41 days to reach
the lake Chad Basin only spent 15 days to cross Sahara desert, although it rested
500 km north of Lake Chad before reaching it at day 41 from departure. This
contrast may not be due to the simple variation in distances, but also to climatic
factors and the physical incapability to rest along the travel stretches over the sea
and the desert.

Migratory Connectivity

A major conservation challenge for studies on migration is to measure migratory
connectivity of targeted species [5, 6]. According to the results of the Mantel test
the spatial distribution observed in the breeding grounds does not correlate
significantly with the distribution of individuals observed in the wintering areas,
which would indicate a weak migratory connectivity for Iberian Rollers. In
addition, Portuguese and French southern populations use the same wintering
area, suggesting that this weak connectivity could occur in a larger scale. This
scenario of weak connectivity of roller populations could be an issue of concern
because the confluence of individuals from a wide breeding range in a restricted
wintering location might lead to a high vulnerability of the species due to any
possible threat in this area.
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Implications for conservation

The description of the migratory routes and wintering grounds of the near-
threatened Roller highlights the challenge of conserving long-distance Afro-
Palaearctic migrants, as many different sites and countries are involved (Fig. 1)
[60]. An appropriate conservation strategy may involve the definition of ‘key sites’
as sites where different migratory routes converge and Rollers concentrate
together. For southwestern Rollers we could define three key sites, namely the
Sahel belt, the Lake Chad and the wintering sites among Angola, Namibia and
Botswana to which conservation actions should target. The Sahel seems to be a
key factor in the decline of long-distance migrants. This big belt gives shelter to
many bird species during the migratory and winter periods, and it has suffered an
enormous human population growth in the last half of the twentieth century [61],
which has led to the deforestation of several areas and drainage of wetlands in
favour of agricultural areas. On the other hand, Lake Chad basin is a crucial
stopover for every tracked Roller. This area is also important for other trans-
Saharan species that are sustained by grasshoppers and locust pulses [62—64],
highlighting the concern about the fast rate of degradation of this relevant
stopover [65]. Finally, although no major conservation problems seem to be in the
wintering grounds, a common problem affecting every key site is the use of
pesticides to control locust plagues [61, 66], which would negatively affect Rollers
attracted to these agricultural areas following the outbreaks of locusts.
Furthermore, other problems such as removal of roost trees [66] or illegal
shooting [67] should not be underestimated.

In this scenario, the development of an appropriate global conservation
programme for the European Roller would need to focus on the following issues:
1) Defining precisely core populations and the geographical division, if it does
exist, for the different migratory routes, and the connectivity between and within
them by more exhaustive sampling; and 2) Identifying specific threats at the
identified key stopover sites during migration and wintering areas to establish
conservation priorities and target objectives in a local scale. Roller shares these
problems with many other species [1, 2] but being such a spectacular bird it could
act perhaps as a ‘flagship’ species in the aim of detecting conservation concerns for
trans-Saharan migrants.

Acknowledgments

All the information about tagged Rollers has been obtained in the framework of
the ‘Migra’ program (www.migraciondeaves.org/en/) developed by SEO/BirdLife,
coordinated by Juan Carlos del Moral, and financed by Iberdrola Foundation. The
Extremadura Regional Government provided information on one individual.
Manuel Aguilera, Maite Amat, Jaume Bonfil, Gerard Bota, Pedro Bustamante,
Jesus Fernandez, José Antonio Fimia, Maria José Herrero, Teresa Martinez, Jesus
Morena, Juan Carlos Perlado, Sergio Romero and Chema Traverso helped during
fieldwork. Domingo Rivera, José Maria Abad and Toribio Alvarez (Junta de
Extremadura) made field work and downloaded all the information from the

PLOS ONE | DOI:10.1371/journal.pone.0115615 December 31, 2014 15/19


www.migraciondeaves.org/en/

@'PLOS | ONE

Migration of Iberian Rollers

individual from Extremadura. We are also grateful to Roberto Ambrosini, Derek
Pomeroy and an anonymous reviewer for their comments that greatly improved
this article.

Author Contributions

Conceived and designed the experiments: JR JP DP JMA. Performed the
experiments: JR JP DP FV MAC AB JMA. Analyzed the data: JR JMR ZZ JMA.
Wrote the paper: JR DP JMA. Contributed with comments to the manuscript: JP
FV MAC JMR ZZ AB.

References

1.

10.

1.

12,

13.

14.

15.

Newton | (2004) Population limitation in migrants. lbis 146: 197-226. 10.1111/j.1474-
919X.2004.00293.x.

Sanderson FJ, Donald PF, Pain DJ, Burfield IJ, Van Bommel FP (2006) Long-term population
declines in Afro-Palearctic migrant birds. Biol Cons 131: 93-105. 10.1016/j.biocon.2006.02.008.

Vickery JA, Ewing SR, Smith KW, Pain DJ, Bairlein F, et al. (2014) The decline of Afro-Palaearctic
migrants and an assessment of potential causes. Ibis 156: 1-22. 10.1111/ibi.12118.

Wilcove DS, Wikelski M (2008) Going, going, gone: is animal migration disappearing. PLoS Biol 6:
e188. 10.1371/journal.pbio.0060188.9001.

Webster MS, Marra PP, Haig SM, Bensch S, Holmes RT (2002) Links between worlds: unravelling
migratory connectivity. Trends Ecol Evol 17(2): 76-83. 10.1016/S0169-5347(01)02380-1.

Robinson WD, Bowlin MS, Bisson |, Shamoun-Baranes J, Thorup K, et al. (2010) Integrating
concepts and technologies to advance the study of bird migration. Front Ecol Environ 8(7): 354—-361.
10.1890/080179.

Lépez-Lopez P, Limifiana L, Mellone U, Urios V (2009) Autumn Migration of Eleonora’s Falcon Falco
eleonorae tracked by satellite telemetry. Zool Stud 48: 485-491. http://hdl.handle.net/10045/22725.

Meyburg B-U, Meyburg C (2009) GPS-Satelliten-Telemetrie bei einem adulten Schwarzmilan (Milvus
migrans): Aufenthaltsraum wahrend der Brutzeit, Zug und Uberwinterung. Populationsékologie
Greifvogel und Eulenarten 6: 311-352.

Rodriguez A, Negro JJ, Bustamante J, Fox JW, Afanasyev V (2009) Geolocators map the wintering
grounds of threatened Lesser Kestrels in Africa. Diversity Distrib 15: 1010-1016. 10.1111/j.1472-
4642.2009.00600.x.

Bachler E, Hahn S, Schaub M, Arlettaz R, Jenni L, et al. (2010) Year-round tracking of small trans-
Saharan migrants using light-level geolocators. PloS one 5. 10.1371/journal.pone.0009566.

Toettrup AP, Klaassen RH, Strandberg R, Thorup K, Kristensen MW, et al. (2012) The annual cycle of
a trans-equatorial Eurasian-African passerine migrant: different spatio-temporal strategies for autumn
and spring migration. P Roy Soc B-Biol Sci 279: 1008—-1016. 10.1098/rspb.2011.1323.

Barron DG, Brawn JD, Weatherhead PJ (2010) Meta-analysis of transmitter effects on avian behaviour
and ecology. Methods Ecol Evol 1: 180-187. 10.1111/j.2041-210X.2010.00013.x.

Bowlin MS, Henningsson P, Muijres FT, Vleugels RH, Liechti F, et al. (2010) The effects of geolocator
drag and weight on the flight ranges of small migrants. Methods Ecol Evol 1: 398-402. 10.1111/j.2041-
210X.2010.00043.x.

Arlt D, Low M, Part T (2013) Effect of geolocators on migration and subsequent breeding performance
of a long-distance passerine migrant. PloS one 8. 10.1371/journal.pone.0082316.

Scandolara C, Rubolini D, Ambrosini R, Caprioli M, Hahn S, et al. (2014) Impact of miniaturized
geolocators on barn swallow Hirundo rustica fitness traits. J Avian Biol. 10.1111/jav.00412.

PLOS ONE | DOI:10.1371/journal.pone.0115615 December 31, 2014 16 /19


http://hdl.handle.net/10045/22725

@'PLOS | ONE

Migration of Iberian Rollers

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

26.

27.

28.
29,

30.

31.

32

33.

34.

35.

36.

37.
38.

39.

Alerstam T (2009) Flight by night or day? Optimal daily timing of bird migration. J Theor Biol 258: 530—
536. 10.1016/).jtbi.2009.01.020.

Kerlinger P, Moore FR (1989) Atmospheric structure and avian migration. Curr Ornithol 6: 109—142.
10.1007/978-1-4757-9918-7_3.

Strandberg R, Alerstam T (2007) The strategy of fly-and-forage migration, illustrated for the osprey
(Pandion haliaetus). Behav Ecol Sociobiol 61: 1865-1875. 10.1007/s00265-007-0426-y.

Schwilch R, Piersma T, Holmgren N, Jenni L (2002) Do migratory birds need a nap after a long non-
stop flight? Ardea 90: 149-154.

Alerstam T (1993) Bird migration. Cambridge: Cambridge University Press.

Lépez-Lopez P, Limifana R, Mellone U, Urios V (2010) From the Mediterranean Sea to Madagascar:
Are there ecological barriers for the long-distance migrant Eleonora’s falcon? Landscape Ecol 25: 803—
813. 10.1007/s10980-010-9460-7.

Alerstam T (2001) Detours in bird migration. J Theor Biol 209: 319-331. 10.1006/jtbi.2001.2266.

BirdLife International (2013) Species factsheet: Coracias garrulus. Available: http://www.birdlife.org.
Accessed 23 December 2013.

Brown L, Brown B (1973) The relative numbers of migrant and resident Rollers in eastern Kenya. Bull
Brit Ornith Club 93: 126-130.

Ash JS, Miskell JE (1980) A mass-migration of Rollers Coracias garrulus in Somalia. Bull Brit Ornith
Club 100: 216-218.

Feare CJ (1983) Mass spring migration of European Rollers Coracias garrulus in eastern Tanzania. Bull
Brit Ornith Club 103: 39—-40.

Mayaud N (1985) La migration des populations occidentales du rollier d’'Europe Coracias garrulus.
Alauda 53: 29-33.

Dorst J (1962) The migrations of birds. Houghton Mifflin, Cambridge.

Glutz von Blotzheim UN, Bauer KM (1980) Columbiformes-Piciformes. Handbuch der Vogel
Mitteleuropas 9. Wiesbaden: Akademische Verlagsgesellschaft.

Stresemann E (1944) Die Wanderungen der Blauracke (Coracias garrulus). Ornithologische
Monatsberichte 52: 132—146.

Morel G (1973) The Sahel zone as an environment for Palaearctic migrants. Ibis 115: 413—417. 10.1111/
j-1474-919X.1973.tb01979.x.

Sauvage A, Rodwell S (1998) Notable observations of birds in Senegal (excluding Parc National des
Oiseaux du Djoudj), 1984—1994. Malimbus 20: 75-122.

Emmenegger T, Mayet P, Duriez O, Hahn S (2014) Directional shifts in migration pattern of Rollers
(Coracias garrulus) from a western European population. J Ornithol 155(2): 427-433. 10.1007/s10336-
013-1023-7.

Catry I, Catry T, Granadeiro JP, Franco AMA, Moreira F (2014) Unravelling migration routes and
wintering grounds of European rollers using light-level geolocators. J Ornithol: 10.1007/s10336-014-
1097-x.

Fridolfsson AK, Ellegren H (1999) A simple and universal method for molecular sexing of non-ratite
birds. J Avian Biol 30: 116—121. http://www.jstor.org/stable/3677252.

Garcelon DK (1985) Mounting backpack telemetry packages on bald eagles. Arcata, California: Institute
for Wildlife Studies.

Argos (2007) Argos user’s manual. Ramonville-Saint-Agne, France: Collecte Localisation Satellites.

Hill RD (1994) Theory of geolocation by light levels. In: Le Boeuf BJ, Laws RM, editors. Elephant seals,
population, ecology, behaviour and physiology.Berkeley: University of California Press. pp. 227-236.

Stutchbury BJM, Tarof SA, Done T, Gow E, Kramer PM, et al. (2009) Tracking long-distance songbird
migration by using geolocators. Science 323: 896-896. 10.1126/science.1166664.

PLOS ONE | DOI:10.1371/journal.pone.0115615 December 31, 2014 17 /19


http://www.birdlife.org
http://www.jstor.org/stable/3677252

@'PLOS | ONE

Migration of Iberian Rollers

40.

4.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

Schmaljohann H, Buchmann M, Fox JW, Bairlein F (2012) Tracking migration routes and the annual
cycle of a trans-Sahara songbird migrant. Behav Ecol Sociobiol 66: 915-922. 10.1007/s00265-012-
1340-5.

Rappole JH, Tipton AR (1991) New harness design for attachment of radio transmitters to small
passerines. J Field Ornithol 62(3): 335-337. http://www.jstor.org/stable/20065798.

British Antartic Survey (2010) Geolocator Manual v8. Cambridge: British Antarctic Survey.

McConnell BJ, Chambers C, Fedak MA (1992) Foraging ecology of southern elephant seals in relation
to the bathymetry and productivity of the Southern Ocean. Antarct Sci 4: 393-398. 10.1017/
S0954102092000580.

Austin D, McMillan JI, Bowen WD (2003) A three-stage algorithm for filtering erroneous Argos satellite
locations. Mar Mammal Sci 19: 371-383. 10.1111/j.1748-7692.2003.tb01115.x.

Lisovski S, Hewson CM, Klaassen RH, Korner-Nievergelt F, Kristensen MW, et al. (2012)
Geolocation by light: accuracy and precision affected by environmental factors. Methods Ecol Evol 3(3):
603-612. 10.1111/1.2041-210X.2012.00185 x.

Limifana R, Soutullo A, Lépez-Loépez P, Urios V (2008) Pre-migratory movements of adult Montagu’s
Harriers Circus pygargus. Ardea 96(1): 81-90.

Rodgers AR, Carr AP, Smith L, Kie JG (2005) HRT: Home Range Tools for ArcGIS. Thunder Bay,
Ontario, Canada: Ontario Ministry of Natural Resources, Centre for Northern Forest Ecosystem
Research.

Strandberg R, Klaassen RH, Olofsson P, Alerstam T (2009) Daily travel schedules of adult Eurasian
Hobbies Falco subbuteo-variability in flight hours and migration speed along the route. Ardea 97: 287—
295. 10.5253/078.097.0304.

Moreau RE, Monk J (1972) The Palaearctic-African bird migration systems. Academic Press London.

R Core Team (2014). R: A language and environment for statistical computing. Avalaible: http://www.R-
project.org. Vienna, Austria: R Foundation for Statistical Computing.

Searle SR, Casella G, McCulloch CE (1992) Variance Components. New York: John Wiley and Sons
Inc.

Ambrosini R, Mgller AP, Saino N (2009) A quantitative measure of migratory connectivity. J Theor Biol
257(2): 203-211. 10.1016/j.jtbi.2008.11.019.

Goslee SC, Urban DL (2007) The ecodist package for dissimilarity-based analysis of ecological data.
J Stat Softw 22 (7): 1-19.

Fry CH (2001) Family Coraciidae (rollers). In:, del Hoyo J, Elliott A, Sargatal J, , editors. Handbook of the
birds of the world, vol. 6: mousebirds to hornbills, Barcelona: Lynx Edicions. pp. 342-369.

Strandberg R, Klaassen RH, Hake M, Olofsson P, Alerstam T (2009) Converging migration routes of
Eurasian hobbies Falco subbuteo crossing the African equatorial rain forest. Proc R Soc B 276: 727—-
233.

Cramp S (1998) The Complete Birds of the Western Palaearctic. CD-ROM version 1.0, . Oxford: Oxford
University Press.

Avilés JM, Costillo E (1998) Selection of breeding habitats by the Roller (Coracias garrulus) in farming
areas of the southwestern Iberian peninsula. Vogelwarte 39: 242-247.

Hedenstrom A (1993) Migration by Soaring or Flapping Flight in Birds: The Relative Importance of
Energy Cost and Speed. Philos T R Soc B 1302 (342): 353-361.

Alerstam T, Lindstrom A (1990) Optimal bird migration: the relative importance of time, energy, and
safety. In: Gwinner E, editor. Bird migration. Springer Berlin. pp. 331-351.

Limifana R, Soutullo A, Arroyo B, Urios V (2012) Protected areas do not fulfil the wintering habitat
needs of the trans-Saharan migratory Montagu’s harrier. Biol Cons 145: 62—69. 10.1016/
j-biocon.2011.10.009.

Zwarts L, Bijlsma RG, van der Kamp J, Wymenga E (2009) Living on the Edge: Wetlands and Birds in
a Changing Sahel. Zeist: KNNV Publishing.

PLOS ONE | DOI:10.1371/journal.pone.0115615 December 31, 2014 18 /19


http://www.jstor.org/stable/20065798
http://www.R-project.org
http://www.R-project.org

@'PLOS | ONE

Migration of Iberian Rollers

62.

63.

64.

65.

66.

67.

Trierweiler C, Mullie WC, Drent RH, Exo KM, Komdeur J, et al. (2013) A Palaearctic migratory raptor
species tracks shifting prey availability within its wintering range in the Sahel. J Animal Ecol 82: 107—
120. 10.1111/j.1365-2656.2012.02036.x.

Mullié WC (2009) Birds, locust and grasshoppers. In: Zwarts L, Bijlsma RG, van der Kamp J, Wymenga
E, editors. Living on the Edge: Wetlands and Birds in a Changing Sahel. Zeist: KNNV Publishing, pp.
202-223.

Mellone U, Lépez-Lépez P, Limifana R, Piasevoli G, Urios V (2013) The trans-equatorial loop
migration system of Eleonora’s falcon: differences in migration patterns between age classes, regions
and seasons. J Avian Biol 44(5): 417-426. 10.1111/1.1600-048X.2013.00139.x.

Gao H, Bohn T, Podest E, McDonald K, Lettenmaier D (2011) On the causes of the shrinking of Lake
Chad. Environ Res Lett 6. 10.1088/1748-9326/6/3/034021.

Pepler D (2000) Lesser Kestrel Falco naumanni. In: Barnes KN, editor. The Eskom Red data book of
birds of South Africa, Lesotho and Swaziland.Johannesburg: Birdlife South Africa. pp. 90-92.

BirdLife Botswana (2014) Species factsheet: Coracias garrulus. Available: http://www.birdlifebotswana.
org.bw. Accesed 2 April 2013.

PLOS ONE | DOI:10.1371/journal.pone.0115615 December 31, 2014 19/19


http://www.birdlifebotswana.org.bw
http://www.birdlifebotswana.org.bw

	Section_1
	Section_2
	TABLE_1
	Section_3
	Section_4
	Section_5
	Figure 1
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 2
	Section_10
	Section_11
	Figure 3
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Section_17
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64
	Reference 65
	Reference 66
	Reference 67

