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Being a cosmopolitan and migratory species, theeydpandion haliaetugprovides a good
opportunity to explore how behavioural adaptatiamdifferent populations, that evolved
under different ecological conditions and are wydgbaced, can be the proximate causes of
geographical distribution, genetic divergence, pafon connectivity, migratory strategies
and foraging ecology. According to this, a multalscintegrated approach has been adopted
for the osprey: through an interdisciplinary franoekvmade by molecular ecology, trophic
ecology as assessed via stable isotopic analypatalsecology through the use of novel
biotelemetry tools, as well as population dynamiist, censuses and assessments of levels of
human disturbance, we: a) evidenced the existehéauo different lineages at global scale
that should be treated as Evolutionary Significaimits (ESUs) and deserve specific
management; b) revealed population connectivitthen Western Palearctic; c) disentangled
the migratory behaviour and winter ecology of Medi#&nean ospreys and compared it with
northern European populations, in an evolutionamtext; d) stressed the need of adequate
management measures to be adopted for three lopalations of the Mediterranean basin
(Corsica, Morocco and lItaly). Overall, this workshigd to some important advances with
respect to the conservation biogeography of ospatydifferent scales. Those insights are
particularly valuable with respect to the effectmanagement of this emblematic species.

Keywords: phylogeography, population connectivitypjgration, wintering, marine protected

areas, human disturbance, reintroduction, Paleaid&diterranean.
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Essendo una specie cosmopolita e migratrice,abfpescator®andion haliaetusappresenta

un buon modello di studio per investigare come tadanti comportamentali evolutisi in

popolazioni geograficamente distanti e in diversdizioni ecologiche, possano aver
condizionato l'attuale distribuzione geografica,digergenza genetica, la connettivita e le
strategie migratorie e di alimentazione delle slegmwpolazioni. Per meglio indagare questi
aspetti, questo studio ha adottato un approccididmdiplinare, articolato su diverse scale
spaziali e temporali. Le discipline di cui ci siagvalsi spaziano dall’ecologia molecolare,
I'ecologia trofica valutata attraverso l'analisgliésotopi stabili, I'ecologia spaziale attraverso
l'uso di innovativi strumenti di biotelemetria, ca®me l'analisi di dinamica di popolazione, i
censimenti di specie ittiche e le valutazioni deielli di disturbo antropico. Questa

impostazione ha consentito di: a) dimostrare kesm di quattro diversi lignaggi a scala
globale, che dovrebbero essere trattati come gubltita Evolutive Significative (ESUs) e

meritano specifiche strategie di gestione; b) axella connettivita tra le diverse popolazioni
del Paleartico occidentale; c) far luce sulle sty migratorie e I'ecologia invernale dei
falchi pescatori del Mediterraneo, confrontandade te popolazioni del Nord Europa, in un
contesto evolutivo; d) sottolineare la necessitadtiguate misure di gestione da adottare per
tre popolazioni locali del bacino del Mediterrar{@wrsica, Marocco e Italia). Questo lavoro
ha portato, in generale, ad alcuni importanti passavanti per la conservazione del falco
pescatore a diverse scale biogeografiche; risydatiicolarmente importanti per la messa a

punto di piu efficaci azioni di gestione di quespeecie emblematica.

Parole chiave: filogeografia, connettivitd delle popolazioni, magrone, svernamento,

reintroduzione, Paleartico, Mediterraneo.
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Le balbuzard péchewrandion haliaetuest une espéce de rapace cosmopolite et migratrice
mais menacée. C’est un modele intéressant pouromxplcomment les adaptations
comportementales au sein de populations géogragmigot distantes, ayant évoluées dans
conditions écologiques différentes, pourraient éme cause proximale de leur distribution
géographique et de différences génétiques et cdempentales (stratégies migratrices et
comportement de recherche alimentaire). Ainsi, j@né une étude intégrative a différentes
échelles afin de répondre a plusieurs questiordaimientales et appliquées.

Grace a une approche phylogéographigue (phylogéwiktculaire) jai mis en évidence
I'existence de quatre lignées différentes a I'éehetondiale qui peuvent étre considérées
comme des Unités Evolutives Significatives (ESUsyji@ méritent des mesures de gestion
spécifiqgues. En combinant des méthodes d’écologikculaire et d’observations d’oiseaux
marques, j'ai pu estimer le taux de connexion pajpurinelle dans le Paléarctique occidental.
En combinant des outils d’écologie trophique etisatint les isotopes stables, et d’écologie
spatiale en utilisant de nouveaux outils en bi@ndtrie, jai étudié les comportements
migratoires et de I'écologie hivernale des balbdzgpécheurs méditerranéens, que jai pu
comparer avec ceux des populations nord européerimedement, jai étudié la nécessité
d’adopter des mesures de gestions adéquates piapbpulation du bassin méditerranéen
(Corse, Maroc, ltalie), en comparant la dynamiqes gopulations, en lien avec leurs
ressources alimentaires (recensement des espesmesol@s) et les perturbations d’origine
anthropique. Dans I'ensemble, ce travail a conadules avancées significatives par rapport a
la conservation des balbuzards pécheurs a difiésedichelles biogéographiques. Ces
connaissances sont particulierement utiles a legbune gestion efficace de cette espéce

emblématique.

Mots-clés: phylogéographie, connectivité des populations, atign, hivernage, aires

marines protégees, perturbations humaines, réundttmoh, Paléarctique, Méditerranée.
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Biodiversity can be considered at three levelsegerdiversity among individuals within the
same species, the diversity of organisms expressedlifferent species, and ecosystem
diversity through the variety of habitats and esbsm processes that occur within a territory.
Biodiversity is currently seriously threatened @atural and human-made processes (Primack,
2000; Rodrigueset al, 2014). While natural processes usually occurhi@ fonger term,
human processes occur rapidly, causing abrupt @samMdajor threats to biodiversity derive
from the impact of human activities leading to tapabitat loss and fragmentation, species
overexploitation, and enhanced extinction ratesdiga% Whittaker, 2011). Specifically,
human activities are fragmenting habitats into $§m@aborly connected biogeographical
islands, increasing the occurrence and intensityhuwhan/wildlife conflicts. Many such
isolated populations are suffering fast populatideclines, while others are driven to
extinction as a result of environmental and demglgia stochasticity, loss of genetic
diversity and inbreeding depression (Hoglund, 206f)wever, a series of natural processes
have the capacity to remedy these population-léesslies. Dispersal, for example, may
alleviate competition for resources when local dgrdependent processes occur (Sutherland
et al, 2002; Ims & Andreassen, 2005), help replenish femes (decreasing inbreeding
depression) and even allow the recolonization dthes vacated by extinct populations
(Hanski & Gilpin, 1997; Ims & Yoccoz, 1997; Bowl&rBenton, 2005). Nevertheless, natural
and/or anthropogenic circumstances may not alwhye aatural dispersal between habitat
patches. For example, both anthropogenic and nataraiscape features can play a
significant barrier effect and impede movementsstamwvn in forest songbirds (Tremblay &
St Clair, 2009) or in populations of mountain catlRangifer tarandus caribo@Apps &
McLellan, 2006). In such cases, dispersal may hawely upon effective management (e.g.
ecological corridors; Crispet al, 2011) or artificial translocations (e.g. reintwation of
Castor fiberin Europe; Halley & Rosell, 2002) that increasestmng populations and promote
gene flow between them (Festa-Bianchet & Apollor603; Tremblay & St Clair, 2009).
Importantly, the management of vulnerable speciestibe based upon a good understanding
of spatio-temporal functioning in animal populasonindeed, unfortunate management
decisions have often been associated to limitecensiic/technical information and
insufficient knowledge. This is particularly theseawhen managing wildlife in remote
locations where extensive scientific studies arprauticable (Gilchriset al, 2005). In these

cases, such as in the Arctic or in wide desert®rnmation on species distribution and
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abundance were evaluated by using local ecolodicalwledge “LEK”, the knowledge
provided by human indigenous population on thellGaana (Gadgikt al, 1993), as reported
for populations of arctic tundra carib&®angifer tarandugFergusoret al, 1998), cetaceans
(Huntington, 2000) or seabirds (Gilchredtal, 2005).

Because of the impossibility to preserve all ndtarg@as and species, conservation
plans often focus on high-priority sites, such axdiversity hotspots (Myersgt al, 2000;
Neel, 2008). Alternatively, focal species (e.g. uetla and/or flagship species; sensu
Simberloff, 1998) have been used extensively, asfacient way to garner public support
and obtain funding, and ultimately to take broacterservation-related decisions (Raphael &
Molina, 2007). However, while in the past decadesdoncept of biodiversity was restricted
to species richness and referred to a static aadiqgtable system of reference (Poiahial,
2000), more recently the concept of biodiversitg bhaen extended to include evolutionary
processes across genes, populations, species @sybtns (Ladle & Whittaker, 2011; Mace
et al, 2012). As a result, current recommendations fodilersity conservation focus on the
need to preserve dynamic, multiscale ecologicadleps and processes that sustain the full
spectrum of biota in their supporting natural syste(e.g. Richardson & Whittaker, 2010;
Maceet al, 2012).

The need to choose an adequate spatio-tempor& baal largely been dictated by
practical issues related to habitat and biodiwersibnservation, yet scale-dependent
approaches still fuel intense academic debatesherbést model to follow (Dungaet al,
2002).

space—time Figure 1: As the spatial scaling

_,_scaiing of a system increases, so also does its
—
/ of sysfem temporal scaling, although these

low

. ) . space-time  scalings differ  for
o | pfﬁdrﬂfﬂb“”b’ ‘DNﬁ / different systems. Studies conducted
E | h\qaﬁ\ﬂ over a long time at fine spatial scales
S | QL_, have low predictive capacity.
'EJ:-J y if,,-*"'i Investigations which fit tightly with
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' S ;,F’/: _____________________ ’rrme scale studies conducted at broad spatial
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Adapted from: (Wiens, 1989).
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From a formal point of view, our ability to prediecological phenomena depend on
relationships between spatial and temporal scdlear@tion (Wiens, 1989; Fig. 1), since the
dynamics of different ecological phenomena in retaystems follow different trajectories in
space and time. For example, studies conducted al@mng time at fine spatial scales have
low predictive capacity because they fail to coesithe open-structure of natural systems,
where several variables interact at the same tilmeveay large scales (e.g. climatic
phenomena). In this sense, plant physiologists l@reluded that stomatal mechanisms
regulate transpiration, whereas meterologists vgrlt the broader scale of vegetation have
concluded that climate is the principal control éns, 1989). Conversely, short-term studies
conducted at broad spatial scales generally hagé hpparent predictability (pseudo-
predictability) because the natural dynamics of setem overshoot the period of study, so
that important effects are not assessed. It i asg was to take two snapshots of a prey-
predator model a few moments apart and use the tirspredict the second, without
considering instead that it works on a longer-téeng. cyclical demographic fluctuations of
hare Lepus americanugopulations affecting lynX.ynx canadensigopulations at high
latitudes; (Akcakaya, 1992)). In this context, stsdthat were too constrained in time or
space diminished the predictive power of the inigasbn, and provided inaccurate
conclusions. For example, studies dealing with gmes and absence data for small and/or
elusive mammals resulted in declaring false absetit biased model parameter estimates
(Mortelliti et al, 2010). Only occasionally, reliable deductionswlgpecific questions were
provided by studies that appropriately matchedtitne-space reference scale (e.g. Schmitz,
2005). A resource patch suitable to one species beayot so for another: the lifetime
movements of a passerine bird may occur withinrea af a few km2, whereas a raptor may
move over an area of hundreds or thousands of km?2.

Proper conservation planning therefore requiresagament of the habitat mosaic
itself, rather than of selected patches withinrtteesaic (Harris, 1984; Hobbs, 1993). Since the
creation of national parks in 1850 in the USA, dirmanagement actions have relied mostly
on the establishment of nature reserves (Ladle &ittAKer, 2011). Those are certainly
important, but habitat fragments are strongly ieflced by forces from other habitats within
the landscape mosaic (Wiens, 1995). Thus, consenvaf key species or habitats may not
target particular patches or landscape fragments nianagement, but conservation
programmes should rather emphasize species rictoressmplexes of communities, and
focus on preserving broader-scale landscape mo@diss, 1987; Andrén, 1994; Maetal,
2012).
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As it is impossible to take into consideration tiogality of natural variables and
effects simultaneously acting on ecological systamspace and time, a robust conservation
program should point the goal of choosing variabmdsch yield maximum predictability,
giving priority to those scales that match witlstprerequisite.

But, what is afappropriate scale', depends in part on the questions tackled. Ditiesi in
advising managers stem from the fact that manyisp@tclude migratory populations relying
on different spatial and temporal scales duringy thfe cycle. Traveling through continental
flyways, migratory individuals experience multipleabitats within a landscape system
(Newton, 2010). Protecting only part of this compléfe-scheme would compromise
conservation plans, because of the possibility tinaats occur at other spatial and temporal
scales. Red knotCglidris canutus),for instance are (relatively) protected at theictiar
breeding sites, but encounter threats during magraand wintering, especially through the
loss of key staging sites (Baker al, 2004; Roger®t al, 2010). Further issues arise in the
case of fragmented and exploited habitats, whegeldhdscape system consists in poorly
connected, perturbed patches. Within such a lapédscapecies spatial dynamics are
particularly difficult to predict, because of scalependence in habitat patterns and in
contrasting individual and populational respongefdagmentation effects (Tscharntkeal,
2002). For instance, Tscharntlet al. (2002) found that the percentage of polyphagous
butter y species and their abundance were highesmmall than in large grassland fragments,
showing the relative importance of small habitattchas to conservation of insect
communities of grassland-cropland landscapes.

All those considerations have been the subjecttehise scientific debates, which are
still ongoing. Notably, scale-dependent issues Hzeen identified in three major ecological
sub-disciplines:

1) Population and EvolutionaryGenetics genetic diversity exists at multiple spatial and
temporal scales, and naturally affects spatial gemséructure of populations as well as our
ability to infer gene flow consistency. Spatial @ethporal considerations gure prominently
in sample design; the ef cient choices of molecutarker types and selection of appropriate
analytical tools (Storfeet al, 2007) are fundamental to analyse spatial gesatictures, the
time line of landscape features, and all aspeatsarming a species’ life history (reviewed in
Andersonet al, 2010). In this context, should we refer to indiwals, breeding units,
geographic groups or to all populations under stuldigally, the choice should be made so
that data reflect the spatial and temporal scaldheoecological and evolutionary processes
under consideration (Palumbi, 2003; Andersbal, 2010).
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2) Movement Ecologymovement is a vital process linking organismshir ecosystems in
space and time (Nathast al, 2008); thus, changes in movements may have import
ecosystem-level consequences (Lundberg & Mobe@3RWariations in movement patterns

can occur at different levels: admmunity levet different animal species interact with each

other in a continuous spatial-temporal ecologicgbteam, sharing abiotic and biotic
components of the landscape;species levet a species may be mobile during some stages
of its life cycle but much more sedentary duringenststages; many marine invertebrates
present pelagic larvae and sessile, benthic athges (Eckman, 1996), and such contrasting
life-phases also occur in migratory mammals andsbiBerger, 2004; Newton, 2010); c)

population levek in the case of metapopulation, assemblagescal lsopulations living in

discrete habitat patches are connected by indilgduich move between patches in different
life periods (Hanski & Gilpin, 1997). Three mairffdrent phases occur in a metapopulation
system: emigration, inter-patch movements and imetign (Bowler & Benton, 2005); d)

individual level = some organisms can decide to move or rest,irghitheir behaviour

according to environmental factors during yearsseas, days (e.g. daily and seasonal
vertical migrations (Afonset al, 2014) or lunar rhythms (Crt al, 2013)).

3) Landscape and Population dynamitandscapes, and the populations they contain,@&re n
stable through time (Wiens, 1995) but change asrsexjuence of small- and large-scale
disturbances, some natural (e.g. fires, insectreaks), others anthropogenic (e.g. forest
cutting, agricultural practices). As a result, flettion of landscape structure is a dynamic
process, with profound effects on population pe&sice (Fahrig, 1992). Further, the

frequency and spatial distribution of habitats aadources determine species distribution
patterns (Pearson, 1993). At ner scales, poputatimay be separated within patches of
habitat, by less suitable patches acting as eambgbarriers (e.g. Opdam, 1991).

Furthermore, spatio-temporal fluctuations of habdemponents (space, ecological niches,
breeding sites, competitors, predators) may stsoragfect population trends (e.g. prey-

predator system as described by the Lotka-Voltewdel; Lotka, 1925).

Understanding the ecology of animal populations pladining adequate conservation
measures therefore requires knowledge of mecharastirgy at different spatial and temporal
scales, as well as integrative methods and analyéipproaches. In this context, a sound
approach should strive t¢l1) target selected species that may serve as maoatebs larger
suite of species that share ecological, life-histor distributional featureq2) develop a

multi-scale dependent approach (“mosaic theoryssaftiens, 1995) that has a specified and
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restricted domain of application a8l integrate these two approaches (Wiehsl, 1993;
Collinset al, 1993).

In this thesis, | followed this approach driven the necessity to answer specific questions,
which nonetheless require extensive knowledge ef ghenomena investigated. | built a
multi-scale dependent approach to deal with eagit i0 a “step-by-step” process across this
thesis. The primary goal was to explain these pmama with respect to the evolutionary

history and the current ecology of the model spearer study.

In the following, I first introduce general aspeofghe ecology and behaviour of the selected
model species, explaining why it is suitable andreglary for a multi-scale approach. Then, |
explain the structure of this multi-scale approachrelation to the scientific questions

addressed.

26



27



B # W H Yy 1t % &) * (# | #&

Part of the informations reported in this chapéerd(in chapter 2.1: Study sites) have been the
subject of a monograph published in the framewdrthe « Albatros project » as part of the
“Mediterranean Small Islands Initiative” (PIM) catimated by the French Conservatoire du
Littoral and presented at the international worksterd MEDITERRANEAN SMALL ISLANDS
MEETING” organised in Bizerte (Tunisia), in April 2012 (M, 2012). A network of >30
persons from 10 different countries produced a&sibknowledge concerning 7 target species
of Mediterranean seabirds (including Osprey). Aléde activities were aimed at a better
sharing of information and data between all theoractof seabird conservation in the

Mediterranean.

With a worldwide distribution between 49° S and M0°of latitude, the osprefPandion
haliaetusis considered as one of the six landbird spetiggther with the Great EgrAtdea
alba, the Cattle EgreBubulcus ibisthe Glossy Ibiflegadis falcinellughe Barn OwlITyto
alba and the Peregrine Falcdralco peregrinus which is fully cosmopolitan (Newton,
2003a).

The Osprey is a medium-size raptor (body: 55-58 taih,length: 14-21 cm, wing-
span: 145-170 cm, weight: 1.5-2.0 kg). Its plumpgesents dark brown upperparts, while it
is ventrally pale with contrasting black carpalgbegis, blackish bands on greater coverts and
long black tips to primaries. The tail is short asglare-cut. Diagnostic is the black stripe
through eye to hindneck. Sexes look similar, botdkes tend to be 5-10% larger than males
and show on average prominent brown breast-banenias have feathers of upperparts
clearly tipped of whitish, being distinguishablerfr adults if observed at close distance.
Average life span in the wild is of ca. 30 year®dR, 1989). The species has evolved
specialised physical characteristics and exhiliigiue behaviour to assist in catching prey,
consisting of live fish only (Cramp & Simmons, 198Poole, 1989). Adaptations to its
specialized manner of feeding are particularly retiin the structure of the tarsus, that is
provided, as well as the lower surface ofstoef sharp spicules essential to catch and
manipulate slippery fishes. In addition, the oute is reversible and allows the bird to grip
the prey with two toes forward and two toes backisgiCramp & Simmons, 1980; Poole,
1989).
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Scientific classification © Flavio Monti

Kingdom: Animalia
Phylum: Chordata
Class: Aves

Order: Accipitriformes
Family: Pandionidae

Genus: Pandion

Species: Pandion haliaetus

Figure 2: Taxonomic classification (left) and image of a joNe osprey (right).

Conservation statusSince the osprey has an extremely large rangecandidering that

global population trend and size appear to be asing (e.g. Schmidt-Rothmunet al,
2014), the species does not approach the thresmidseing considered as “Vulnerable”
under the IUCN criterions; hence it has been evatuas Least Concern, at global scale
(Birdlife International, 2014). However, it is inded in Annex | of the European Directive
(2009/147/EC) on the conservation of wild birds, Annex Il of the Bern Convention
(79/409/EEC) as a strictly protected species, inédnll of the Convention of Bonn (CMS) as
a migratory species with a unfavourable statusiamhnex Il of Barcelona Convention; thus
the osprey is considered a priority species forseoration along its whole distributional
range. In Europe, is ranked as “rare” since (cated®PEC3 - Species of European
Conservation Concern) the whole breeding nucleusfesior to 10,000 pairs. At the regional
scale of the Mediterranean, the species is coresides “endangered”. Further, it is mentioned
as “critically endangered” in the red book of thedb of Spain (Triay & Siverio, 2008) and,
up to 2011, “exctinct as a breeding species” ily ItBrichetti & Fracasso, 2003).

Habitat Because of a wide climatic tolerance, especiatlyrange of temperature and
humidity, osprey’s habitat varies in different gadf its extensive range. Although almost
exclusively tree-nester in the vicinity of riveradalakes in northern parts of its Palearctic
range, the osprey chooses rocky cliffs for nesting marine or brackish water environments
for fishing at southern latitudes such as in thedkerranean area, Atlantic islands, Red Sea,
Caribbean (Cramp & Simmons, 1980). In some casgwey nests can be found on power
lines, bridges and other artefacts (e.g. artificiabt-sites or platforms erected on poles)
(Poole, 1989), but always in strict associationwater bodies where fishing is possible.
Ospreys also visit estuaries, marshes and othetatosaters as well as inland-located lakes
and pools.
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Diet: Being opportunistic, focusing on fish that are ttmost available, the species
shows a wide diet that can shift during the yeapeshding on region and season (e.g. most
marine fish migrate seasonally). The diversity ishfspecies leads to a variety of diving
techniques that can be performed at different higjgh flight (hovering) or from a perch. The
diet includes both freshwater and marine spectesoricentrates on fish weighing 150-300
grams (about 25-35 centimetres in length) altholagher and smaller fish can be taken
(Poole, 1989; Francour & Thibault, 1996). WithinethiMediterranean basin, ospreys
commonly eat mullets (e.dVlugil spp.) and other euryaline species of medium-sfidd
caught near the sea surfacelaga spp.,Diplodus sargusDicentrarchus labraXThibault &
Patrimonio, 1992). For example in Corsica, the digbreeding ospreys has been studied by
identifying fish remains at nests; the identifiggbsies mainly belonged to mullets (e.gza
ramada Liza auratg Chelon labrosusndMugil cephalu} and breams (e.@iplodus sargus
and Diplodus vulgari$ and to other less representative species (Frar&dthibault, 1996).

In the Balearic Islands the most representativeispedetected by direct observation and
remains of fish at nests are mulletu@il spp), salemaSarpa salp® saddled breanOpblada
melanurg and gild-heat breanSparus auratus(R.Triay, unpublished data).

Breeding The breeding season in the Mediterranean statween February and

April, when pairs gradually return to their own tsethat are generally used for successive
years (Thibault & Patrimonio, 1991). The nest csissof a large structure of branches and
twigs stuffed with grass or other soft materiab(€osidonia oceanicafor lining. Materials
are taken from the ground or snatched from tregdamts provided of dead sticks at their top.
Generally built by both sexes, nests are placethertop of trees (e.g. continental Europe) or
on rock pinnacles close to the sea (e.g. in theitglednean area). Laying mainly occurs in
March and April (Fig. 3). One to four (3 on averpg®gs, creamy-white coloured with
brown-red spots, are normally laid in a clutchrairaerval of 1-3 days (Alerstaet al, 2006;
Thibault & Patrimonio, 1992; Bretagnolle & Thibault993). Replacement clutches are
possible (Cramp & Simmons, 1980). Eggs measure @Té and weigh about 72 grams
(Cramp & Simmons, 1980). The incubation phase,goeréd by both parents but mostly by
the female, lasts 34-40 days (37 days on averaggen1976; Cramp & Simmons, 1980).
Fledging occurs between June and July, generalty about 50 days from the hatching date
(Stinson, 1977; Bretagnolle & Thibault, 1993). Rbe Corsican population, first juvenile
flights were mainly recorded during the first weakJuly (Thibault & Patrimonio, 1991).
Parents feed juveniles even after fledging, widh fieft at the nest. Broods start to follow
males to the fishing place after ca. 10 days; jugemmature fishing techniques at about 7
weeks after the first flight (Stinson, 1977; Crafimmons, 1980).
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Figure 3: Breeding phenology of osprey in Corsica (data reporefers to: Thibault &
Patrimonio, 1991, Bretagnolle & Thibault, 1993).

Movements Osprey populations of northern latitudes are kmaw perform long-
distance migration to wintering grounds locatedoater latitudes (Alerstaret al, 2006). In
contrast, osprey populations living at southerriddes of the breeding range seem to carry
out only reduced movements, although basic knovdedfy movement ecology of these

populations is still fragmentary.

Because of high plasticity in habitat requiremenitshis cosmopolitan and migratory
species (Cramps & Simmons, 1980), the osprey pesvadgood opportunity to explore how
behavioural adaptations in different populationsattevolved under different ecological
conditions and are widely spaced, can be the pratdrcauses of geographical distribution,
genetic divergence, population connectivity, migratstrategies and foraging ecology. At the
same time, the osprey is considered an umbrell@esperhich indirectly protects many other
species that make up the ecological community witts habitat: protecting ospreys means
securing their breeding habitats, that can vargnftakes in coniferous forests in the Northern
Hemisphere to coastal or marine environments atsou latitudes. Moreover, ospreys can
be used as boundary objects (sensu Star & Griesef®39), to promote adequate
management of aquatic environments (i.e. ospreayirigesites), thereby providing protection
for entire fish communities. Being a charismatid apectacular raptor, it plays also the role
as a flagship species that stimulate broad consenvawareness and action (and fund-
raising) in the public (Mackrilet al, 2013). Thanks to its characteristics, it wellvesras
model for a larger suite of species that shareogicdl, life-history or distributional features
such as large migratory birds that have a wideildigional range and can potentially fill the
role of umbrella/flagship species (e.g. hen hasri@rcus cyaneugor Holarctic agricultural
landscapes (Trierweiler2010), white-tailed eaglddaliaeetus albicilla and black storks
Ciconia nigrafor freshwater and forested habitat (Rosenvaldéhrhus, 2003; Lohmust al,
2005) and bearded vultu@ypaetus barbatugSchauket al, 2009) for mountain ecosystems

in Europe and Asia)).
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Within this thesis, special emphasis has been glacethe study of the Mediterranean
population for the following reasons: a) the Mexdaeean breeding nucleus of this population
is scattered in a fragmented and human-exploiteastab habitat; b) the Mediterranean
population is considered as vulnerable in the ltargy;, c) several reintroductions projects of
the species have been launched in the region, wlffgrent source populations and d)

multiple gaps in knowledge are present for thisyaion.
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Following a multi-scale approach (Tab. 1), | addessthe following questions:

Population and Evolutionar¢enetics

- What is the genetic divergence between osprey ptipns and what is the
evolutionary history of the species on a worldwsdale?

- What is the degree of connectivity among populafonwWhat is the intensity of
exchanges between populations in the Mediterrabhaaim?
Movement ecology

- Do different migration strategies exist along egadal gradients for ospreys of the
Western Palearctic?

- Where do Mediterranean ospreys spend the winter?
Population dynamics

- Are population trends affected by environmental/andnthropic variables?

Answering this wide range of research questionsiireq developing an interdisciplinary

framework, drawing expertise from molecular ecologgphic ecology as assessed through
stable isotopic analyses and prey availability. fish census), spatial ecology through the use
of novel biotelemetry tools, as well as populatiynamics, and assessments of levels of

human disturbance.

Moreover, these questions were tackled using anregional approach along 3 different
spatial scales: local, regional and global. Sirmdtausly, this project was also stratified along
3 temporal scales, with different levels of resolut present, historic and evolutionary time.

These aspects are summarized in Tab.1.

GLOBAL SCALE and EVOLUTIONARY TIME:

At a worldwide scale, | explored and compared t@ionary history of osprey populations
and their rate of divergence by meanspbf/logeographic genetic analysisising genetic
markers frommitochondrial DNA. By sequencing particular genes in the mitoch@dhat
evolves very slowly and at a constant rate in plkcges, it was possible to recreate
phylogenetic trees with all osprey populations frtme whole distributional range of the

species. Such analysis allowed evaluating relatsdbetween populations, determining if it
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matched with the current recognized taxonomic stain the basis of morphological
classification) and informing about any historiaad evolutionary genetic divergence.

In a second step, | made use of indirect methodstudy connectivity between osprey
populations by means of tools from molecular biglogspeciallygenotyping techniques
using microsatellites Microsatellites are small sequences of genesateden the nuclear
genomes that can serve to identify a particulaviddal or a population. From both fresh and
historical samples from museums | assessed gedettances between individuals and
populations, and the rate of exchanges of indivglletween populations. Such analysis
aimed to clarify the level of connectivity of ospreopulations across their distributional
range and within different habitat matrices (e.gntmuous forested habitat in the north vs
fragmented marine islands in the south of the ibistion) to ascertain effects of eventual

population declines, isolation and/or inbreeding ttusmall population sizes.

REGIONAL SCALE and HISTORIC TIME:

At the scale of the Western Palearctic, | wasradied in studying the migratory
strategies of different osprey populations oveat#udinal gradient, to understand to what
extent both geographical and environmental comstréavoured the evolution of different
strategies, and how they shaped migratory behavithe use of inland marshes, rivers and
lakes in tropical Africa by ospreys from northernr&pe has already been well described
(Prevost, 1982; Saurola, 2005) but virtually noghis known about migration and over-
wintering of Mediterranean ospreys. | therefore pared migration routes of Swedish
ospreys, which have been studied continuously tsflga telemetry since 2000 (Halet al,
2001; Kjellénet al, 2001; Alerstanet al, 2006), with those of Mediterranean ospreys which
| tracked using novel GPS-GSM tags. This compargare a full understanding of migratory
and dispersal processes across populations livintiffarent latitudes. This study of osprey
movement ecology was also useful for testing thstemce of a metapopulation system at the
regional scale of the Mediterranean basin. Outcdnoes GPS-tracking were combined with
results from the population genetics study (see@h@nd therefore considered in the light of
connectivity and gene flow at a larger scale.

Further, | investigated the winter ecology of Medianean ospreys through an
additional indirect complementary methdstable isotopes analysebased on samples of
feathers collected on adult birds during ringingjats were performed on carbon isotopes to
detect the latitudinal gradient of the winteringgnds, especially to know if birds wintered at
tropical or at temperate latitudeditrogen isotopes were also dosed, to ascertanrophic

level at which adult ospreys foraged (this was cara@ to values found in osprey chicks
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during the breeding season at known locationsaliisulphur isotopes were dosed, to reveal

if birds usedreshwater or marine environmerntswinter (Bearhogt al, 1999).

LOCAL SCALE and PRESENT TIME:

At the local scale, we used both individual momitg such as ringing and GPS
tracking and census of several environmental vhsalincluded human disturbance)
potentially affecting breeding osprey populationghiree different sites of the Mediterranean.
At these sites, important management actions haee put in place in the last decades, but
human presence seems to affect population dynanitsrends of local breeding populations
in different manner. Specific studies allowed meéntdividuate the best conservation strategy

for the species at the local level.

Tab. 1 Summary of research topics on osprey within daffieispatial and temporal scales.

Spatial Scale
Tools/Methods Local Regional Global
Ringing Residency Dispersal
. Predispersal Migration
GPS-tracking Wintering Metapopulation
o Recent Stable Isotope analysis Diet Freshwater vs Marine int&éng Grounds
©
@ Trophic Resources analysis Reserve Effect
©
o .
g Historic Genetics (microsatellites) Local Exchanges Metapopulations
@
Evolutionary Genetics (MtDNA) Phylogeography
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Fieldwork was conducted in 4 study sites of the Nechnean basin, for which a brief
description is given below. The Mediterranean ogprpopulation is estimated to count less
than 80 breeding pairs and consists of small anthtesd groups of breeders distributed
between Corsica, Balearics, Morocco and Algeriay.(Bi; Monti, 2012). At this regional
scale, the species is considered as “endangered”itashows traits of weakness and
instabilities within a long time span. In the lgsars, three reintroduction projects started in
the region: Spain in 2003 (Muriet al, 2006), Italy in 2006 (Montt al, 2012; Montiet al,
2014) and Portugal in 2011 (CIBIO, 2011).

1n-20 @
a-30 @
- @

——————— Breeding pairs

8 Dwrisl Oimled | d-mapy com

Figure 4. Geographical distribution of the Mediterraneanregbreeding population (Monti,
2012).

Corsica:
At the beginning of the 20th century a swinging te@mof 40-100 ospreys’ breeding pairs

occupied the majority of Corsican rocky coasts.1Bi74, because of the strong direct
persecution only three pairs remained (Thibatlal, 2001; Thibault & Bretagnolle, 2001;
Bretagnolleet al, 2008). In 1975, the Natural Reserve of Scandalaual marine and

terrestrial protected area located along the nadhtern coast of Corsica, was created. In the
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same years a new law about the protection of natondebirds of prey (1976) was voted and
direct management actions were adopted: a rigosatish on osprey’s last nest sites, and the
building of nine artificial nests on the rocky &ifin order to recover the ancient suitable
habitat nesting sites and to facilitate the recalation phase. Thanks to these actions, osprey
population gradually recovered, but it has neveplanized its former range from the early
20th century (most of rocky coasts of Corsica ektleg east coast). Two main phases can be
detected: 1) a first period of rapid increase ipuylation size between 1974 and 1990 (up to
ca. 20 pairs); 2) a period of relative stabilitytiwfluctuations in population size after 1990
(Bretagnolleet al, 2008). Due to the high philopatry of the specaied to the local shortage
of available nest sites, birds returned to breed mlatively small area. Consequently, the
mean distances between breeding territories reddigdically (from 12 km during 1970’s to
only 2 km since 1980’s); an increase in neighbourambers was recorded and the
competition for nest sites became intense. In f@ttincrease in the number of floaters and a
greater frequency of interactions between consigsaifere observed. This leads to important
changes in the demography. Both, population graatd and number of young fledged per
pair have decreased with the population increasgalticular, a reduction in hatching and
fledging success were recorded (Bretagnetlal, 2008). The latter authors suggested that
attracting non-breeders to other areas would rethteeference in the original area. Hence
between 1991 and 1998, nine artificial nests weiit lin Corsica, outside the original
breeding area. In 1995, five new territories westalglished (Bretagnollet al, 2008).
Nowadays, Corsican osprey population counts 32dimgepairs (Fig. 5), but it is considered
still threatened (Bretagnollet al, 2008). So in order to accelerate the return efdpecies,
actions aiming at the recovery of the historicgireg’s breeding sites like those in Corsica,
Tuscany and Sardinia were considered fundamentak4establish the ancient range of

distribution in the Central Mediterranean area.
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Figure 5: Distribution of ospreys’ breeding sites
in Corsica in 2012 and view of a stretch of the

rocky coast in Scandola Reserve.

Balearic Islands:
During the 20th century, about 35-40 pairs inhabd# the main islands of the archipelago,

before disappearing from Ibiza and Formentera @&se & Terrasse, 1977) in the 1970’s.
Because of the strong direct persecution only 8sp@amained in the 1980s. Successively,
thanks to new laws about the protection of natacklards and to direct management actions,
the osprey population gradually recovered, reachapidly a total of 16-18 breeding pairs in
1999 (Triay & Siverio, 2008). Nevertheless, theifwes trend stopped and a decrease phase
occurred between 2001 and 2007 with a reduced populof only 13 pairs. In 2008, two
more pairs added to the population that hence edubb territorial pairs (Fig. 6). A sound
monitoring highlighted the high mortality rate alwt birds, especially recorded in Cabrera
and Menorca, as the main problem affecting the [adjom’s health and threatening its
stability in a long-time span. Electrocution, doethhe presence of power lines pole running
close to sea shores, was identified as the majsecaf mortality, with 10 cases recorded in
Minorca of 15 cases of mortality (66,67 %) betwd®®3 and 2010 (R.Triay unpublished
data).
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Morocco:
The first exhaustive survey on the coast of Moroacourred in 1983 (Berthon & Berthon,

1984). The osprey population was estimated in 1@diss scattered along the rocky coast
from Cabo Negro to Al Hoceima, maintaining a statsénd during the period 1983-1993
(Thibault et al, 1996). More recent data showed few variationaumbers: 19-21 pairs in
1993 (Thibaultet al, 1996) and 15-20 pairs mentioned by Franchimo89g). In 2008 the
local AGIR association reported a total number 418 pairs within the territory included in
the Park National d’Al Hoceima (PNAH; Fig. 7) (Otae& Cherckaoui, 2010). In the
Chafarinas Islands, belonging to the Spanish teie, osprey was present with two breeding
pairs in the 1950 (Terrasse & Terrasse, 1997). S5ib@94, only one pair inhabits the

archipelago; in particular breeding in the islah@ongreso (Triay & Siverio, 2008).

Al Hoceima

CalaIris

Figure 7: The coastal area included in the A
Hoceima National Park and distribution of osprey
nest structures (both ancient and new sites); image

of the cliffs where ospreys breed.
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Continental Italy:
In Italy, a strong human persecution (especiallydendy shooting and egg-collecting)

together with the loss of suitable nesting sitescansidered as the main causes that drove the
species to extinction (Spina & Volponi, 2008). Tépmecies is protected in Italy since 1977.
The last breeding sites for the species were attegt Sardinia, Sicily and Tuscany
Archipelago (Montecristo Island) (Thibault & Patoemo, 1992). Since 2006, a common
project started between the Parc Naturel RégioealCdrse (France) and the Maremma
Regional Park (Tuscany-Italy), both to re-establésh osprey breeding population and to
secure the future of the Corsican population. Thenagement consisted in translocating
chicks from Corsica to Maremma RP and releasinmthg the hacking technique (Morgt

al., 2012). In 2011, after >40 years from its extioetithe osprey returned to breed in Italy, in
the Maremma Regional Park (Tuscany; Fig. 8). Nowad2014), two breeding pairs are
actually present in the region (Mot al, 2014). At the same time, a spread of the Corsican
population through the connection with the Italiane is expected and favoured by the
creation of artificial nests in the islands of thescany Archipelago that, operating as
“stepping stones”, could allow easier exchangesvéen the two populations. These seven
islands located in the Mediterranean Sea, betweenvest coast of central Italy and Corsica,
were officially recognized as National Park and MarProtected Areas (MPA), in 1996. The

final aim is to create a new self-sustaining popoitein the long term.
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Algeria:

Thge feasibility of the field mission foreseen ingatia at the beginning of the project was
impeded by delicate political aspects that madécdif the planning of such mission,
especially for obtaining visa and special permissito work properly. Considering that the
majority of Algerian osprey population breeds onkicliffs partially included in a military
zone and in view of the last political events ocedrin 2012-2013, we decided to avoid any
hazardous mission in this country. In spite of thidrief description of the osprey population
in this site is reported.

Data referring to the past situation in Algeria aexy scarce. During the 1960’s,
information available only refers to the fact tlogprey reproduced along the rocky coast. A
survey conducted in 1978, allowed to detect twaethrey areas. The first located west of
Oran and the second near El-Kala, as reported dnbds al. (1980) and after confirmed by
Boukhalfa (1990) and Thibaudt al. (1996). During the period 1989-1993 the populat@s
estimated at 9-15 pairs (Thibaeltal, 1996), similarly to data previously collected Jgcob
et al. (1980). Repeated surveys carried out in the fraonkevef the Mediterranean Small
Island Initiative (PIM) co-ordinated by the Consanire du Littoral, allowed to detect the
presence of the species between 2004 and 2006¢gikabibas Islands. Both in 2007 and
2008, a breeding pair was found in the island cdr@de ile (nest located in the Baie de la

Morte). In 2011, no breeding pair was observed.
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a. Catching and sampling adult birds
To refer to Figure 9:

The trapping method consisted in deploying a noose carpet di.metal grid provided by
nylon loops) on osprey nest after have climbedrtoky cliffs. Then, operators waited at
distance (usually on a boat at sea) for a sucdessfoping (i.e. osprey feet clamped into
loops). Once trapped, each osprey was ringed @ath metal ring and a coloured darvic ring
with an alpha-numeric code (for at distance ider#tfon)), measured and bio-sampled (blood
and feather samples were collected for geneticismidpic analyses). Finally, ospreys were
equipped with a 24 g GPS-GSM tag which was attaelsdobhckpacks with a harness made of
7-mm-wide Teflon ribbon (Kenward, 2001). Birds weherefore released on the vicinity of
their nests.

b. Catching and sampling juvenile birds
Juvenile ospreys (from Balearic Islands, Corsicarddco and Italy) were tagged during

ringing actions at their respective nesting sitesummer. As for adults, each individual was
measured (i.e. wings, beak, tarsus, weight, et@jked with both a metal ring and a coloured
darvic ring with an alpha-numeric code (for at ainste identification) and equipped with a 24
g GPS-GSM tag. In addition, for each individual ab®.5 ml of blood was taken by
venepuncture from the wing and stored either derfiblotting papers or in 70 % ethanol in
Eppendorf tubes. In some cases, growing body feattentaining traces of blood within the

calamus were collected and stored in envelopes.

c. Additional samples for genetics and isotopic ana lyses
The majority of osprey samples were kindly providedcolleagues during ringing

actions carried out around Europe and Atlanticnid&a(fresh samples). However, to fill some
gaps in the distribution of our samples (to cover éntire species’ distributional range) we
relied also oomuseum specimensDuring the PhD | had the opportunity to visit tdaturalis
Biodiversity Center, Leiden (the Netherlands) ttlemi 58 samples from specimens stored in
the museum collection. | also received other samjilem the collection of the Natural
History Museum of London-UK, the National MuseumNdture and Science of Amakubo
(Japan), the Zoological Museum of Moscow (Russiag Museo de la Naturaleza y el
Hombre of Tenerife Island (Spain) and from the Mu€ivico di Storia Naturale "G. Doria”,
Genova (Italy). Samples were obtained collectinglspieces of skin (about 2 mm from the
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toepad) from naturalized specimen ospreys folloviimgy procedure described fyiundy et
al., 1997). Mitochondrial and nuclear DNA have beetramted and amplified by PCR in the
laboratories of the CEFE-CNRS in Montpellier. Hrstal (museum) samples were

manipulated in the special platform for degraded?lifithe ISEM lab in Montpellier.

d. Estimating food resource availability and osprey behaviour
To refer to Figure 10:

To collect data on the abundance and distributiofisbes considered as potential prey for
osprey (i.e. fishes living <1lm below the sea swafage set um new specific protocal using

a camera fixed below the bow of a kayak we perfartnansect at sea to obtain underwater
video recordings. A Secchi disk was used to conirater turbidity and to assess for good

visibility conditions before performing each traose

Focal observationsat osprey nests were carried out from distantageypoints using
binoculars and telescopes to record osprey behavtme budget) and anthropogenic

disturbance (i.e. boat passages).
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Figure 9: Trapping: a) placing a noose-carpet on a osprsy;, g an osprey landing on the
trap ¢) moment of the trapping; d) and e) ringif)gind g) blood sampling and centrifugation;
h) wing measurement; i) feather sampling for stéaddéope analyses; |) attaching the harness
and GPS tag to an osprey; m) a juvenile ospreypped with GPS; n) release; Genetic
sampling: 0) museum collection of naturalized ogmeecimens; p) toepad sampling using a
scalpel; q) preparation of PCR; r) verificationREER products on an Agarose gel.
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Figure 10: Fish census protocol: a) kayak with its fixed supdo attach the camera; b)

operator on the kayak during video recording c) eaamera filming along the transect; d)

Secchi disk to estimate water torbidity; e) snapsinowing a shoal of mullets. Observation
protocol: f) observation at distance by means lontars and telescope; g) a juvenile osprey
perched on a rock (photo © Olivier Duriez); h) goesific interaction in flight (photo ©
Olivier Duriez); i) a catamaran passing close tooaprey nest in the Scandola Reserve; 1)
three chicks attending a female returning at n@sdto © Rafel B. Triay).
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The criteria adopted for the classification of higiorganisms and the reconstruction of their
evolutionary histories was traditionally based oorpmological and anatomical characters
which were used by taxonomists to define specieb sarbspecies. However, referring to
morphology alone for describing diversity and inéationships between different taxa, have
often lead to interpret controversially the ancdstelationships of organisms and the group’s
evolutionary history (Wink, 2007). Examples of digpbiodiversity can be found in
mammals (Mayert al, 2007), birds (Johnseet al, 2010), and even reptiles or insects
(Hebertet al, 2004; Weltoret al, 2010). Similarities in anatomical characters (@ugscles
and skeletal structures) can be the result of pastilel ecological forces of natural selection,
that rapidly modified such characters on unrelapdcies looking similar nowadays, as a
consequence of convergent evolution processes €A2300). As a result, the understanding
of the evolution and distribution of species wasited by the lack of a well-supported
systematic analysis of their evolutionary history.
Faced with the growing challenge of deriving styée for conserving diminishing ora and
fauna, conservation biologists and ecologists oometito search for methods that can
distinguish unambiguous units for conservation pags (Fraser & Bernatchez, 2001). In this
context, molecular methods and biochemical teclesghave become a useful tool for
phylogenetic studies, complementary to morpholdgibaracters. The genetic structure of an
organism tends to evolve at a fixed rate and is kf$ected by the pressure of natural
selection.
For example, the mitochondrial genome (mtDNA) saall circular molecule in which genes
evolve very slowly and at a rather constant ratalinspecies. This allows measuring the
relatedness between populations and determinirig tieedonomic status and even informing
about any historical and evolutionary genetic dyesce. Sequencing mtDNA helps to
identify the mitochondrial lineages of groups (sdked haplotypes).
On these bases, the analysis of nucleotide segsi@icmarker genes has been used as a
powerful method for reconstructing the phylogeny @mfyanisms and for defining the
evolutionary significant units (ESUs) (Moritz, 1994 he process of establishing ESUs is a
crucial step for conservation purposes, to defineages that evolved separately in the past
and that will eventually lead to further speciatiorthe future. The concept of ESU takes into
account the fact that populations from a specidéd, isterbreeding but with different
evolutionary past, may lead to different speciethenfuture (Moritz, 1999; but see Johnsbn
al., 2005)). Despite dif culties, recognition of spesiis essential and should be based on
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repeatable scienti ¢ analyses. Uncertainties orcigseor subspecies classification could not
allow to adequately planning management strategfigbe right scale of resolution. So, an
understanding of the genetic diversity and theiapsiructure of populations is important for
establishing the appropriate scale and subunitsdoservation management and minimizing
genetic erosion (Moritz, 1999).

In this context, raptors, as top predators, reprtesee of the main avian groups which have
been mostly threatened by anthropogenic factogs $dooting, pesticide contamination, ecc.)
and which suffered important population declinag;irg the 20th century. For that reason,
many raptor species have been protected by the Haing included under different
international conventions and listed as top pryasjtecies for conservation.

Phylogeny for raptors based on morphological tiagts been difficult to resolve, so in the last
decades many studies addressed to molecular methadisntify phylogenetic relationships
within raptors families (Helbiget al, 2005; Lerner & Mindell, 2005; Griffithet al, 2007).
Despite this, contradictory conclusions resultemhfrdifferent studies and altered taxonomic
arrangements were proposed by various authorsefSlMonroe, 1990; Wink & Sauer-
Gurth, 2004; Helbigt al, 2005; Lerner & Mindell, 2005; Hackett al, 2008). Del Hoycet

al. (1994) have been grouped diurnal raptors into families (Accipitridae, Pandionidae,
Sagittaridae, Falconidae and Catharthidae). Howtnetraditional classification is currently
debated and, for instance, Falcons are now separatanother order than all other raptor
families, making the order Falconiforms obsoletadkettet al, 2008).

Here we present an exhaustive study on a particaf@or which has been included in the
unique family of Pandionidae composed by only oeaéaPandionand one single species:
the ospreyPandion haliaetus

Furthermore, | present also a study about the aiivity between osprey populations by
means of tools from molecular biology, especiallgngtyping techniques using micro-
satellites. This work was part of the subject arid Delfour which | co-supervised together
with Oliver Duriez and Claudine Montgelard, for measter Il in “Environnement et Gestion
de la Biodiversité - (EGB)” at the University of Mipellier 2.
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4 Maremma Natural History Museum, Strada Corsiri&g,00 Grosseto, Italy.

Only few bird species exist with an almost worlddwidistribution. We investigated the
geographical pattern of mitochondrial DNA diversity the Osprey Fandion haliaetus a
cosmopolitan raptor, aiming at clarifying its phgémgraphic structure and elucidating its
taxonomic status. We suggest a hypothetical ewwnlaty scenario explaining how the
species’ distribution and differentiation took pam the past and how such a specialized
raptor was able to colonize most of the globe. d$rey appeared structured into four main
genetic groups representing quasi non-overlappeggi@phical regions (Americas, Indo-
Australasia, Europe-Africa and Asia). Each lineageugh including birds from well-distant
geographic areas, showed slight internal geneticality. Historical demographic
reconstructions suggested that three out of theliioeages experienced stable trends or slight
increases. Contrary to the low within group vadafi a larger number of nucleotide
differences were recorded between the four cladetecular dating estimates the initial split
between lineages at about 3.1 Ma ago, in the LibwedPe. Our study supports a pattern of
colonization from the American continent (where 8pecies originated) towards the Old
World, possibly via the Bering StraiPopulations of the Palearctic represent the last
outcomes of such colonization histoAt a global scale the osprey complex is composed of
four different evolutionary significant units thahould be treated as specific management
units. Our study brought essential genetic clatfens, which have implications for
conservation strategies in identifying distinctelages across which birds should not be

artificially moved through exchange/reintroducteshemes.

Keywords: Accipitriformes, Aves, cytochromeb, Evolutionary Significant Unit,

mitochondrial markers, molecular dating, subspecies
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The modern distribution of living organisms hasrbsbaped by multiple processes that had
profound effects on the dispersal, genetic strecamd evolutionary histories of plant and
animal populations. Movements of land-masses ardesgive multiple glacial events that
occurred during the Pleistocene caused severeahabiinges which confined many species
to warmer refugia and led other taxa to experiedemographic reductions or complete
extinction (Hewitt, 2000). Favourable periods dgroiimatic fluctuations allowed successive
population expansions, together with the recoldioraof portions of the ancient ranges
(Hewitt, 2004). Despite the high potential dispeespower of flying birds, it is striking that
only few taxa did colonize most of the world. Exdilug seabirds, for which the distribution
pattern depends more on ocean basins than on tjoe lawad-masses (Newton, 2003a), only
six landbird species (out of ca. 9,500 specieskaosvn to be cosmopolitan, breeding in each
biogeographical region of the world, except Antiaect This group includes the Great Egret
Ardea alba the Cattle EgreBubulcus ibisthe Glossy Ibiflegadis falcinellughe Barn Owl
Tyto alba the Peregrine Falcdralco peregrinusand the OsprelPandion haliaetus

The osprey is a medium-sized raptor with flexibledaing habitat requirements
across its range. Despite its high specializationatching fish, it is an opportunistic forager
that can feed in both freshwater and marine enwent. Also, its northern populations are
known to engage in long-distance migrations (Pob889; Alerstamet al, 2006), whereas
individuals from lower latitudes (e.g. Caribbeart)atic islands and Mediterranean basin)
seem to be sedentary, or to perform small-scakerbrdeding movements (Poole, 1989;
Thibaultet al, 1996). One could therefore predict that broadthtbequirements and high
mobility capabilities at the basis of such a widstrtbution may have resulted in limited
genetic variability across populations at a comtiaklevel, as described in other widespread
raptors (e.gHaliaeetus albicilla: Hailer et al, 2007; Falco peregrinus:Bell et al, 2014).
However, adult ospreys tend to return to their Inatea to breed (Marteéit al, 2002). Such
strong philopatry may have played in favour of gengtructuring across the extensive range.

On the basis of comparative non-molecular characserch as osteology, pelvic
musculature and the distribution of feather traitts,osprey is considered sufficiently distinct
from other raptor species (from Accipitridae farmilgo merit a monotypic family
(Pandionidag, including only one species, the Osprey (LerneM#adell, 2005; Griffithset
al., 2007). The most widely accepted taxonomic arraregg recognises four subspecibs:
h. haliaetugLinnaeus, 1758) in the Palearctic from Europethweest Africa, and Asia north
of the Himalaya,P. h. carolinensis(Gmelin, 1788) in North AmericaP. h. ridgwayi
(Maynard, 1887) in Caribbean, aid h. cristatus(Vieillot, 1816) in the Indo-Pacific and
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Oceania (Fig. 1). The four subspecies were trathtlg split on the basis of morphometry and
plumage characteristics, but the differences atesmaightforward (Poole, 1989; Strandberg,
2013). Therefore, referring only to morphology é@scribing diversity and interrelationships
between subspecies has lead to controversiesonadaxy.

In this context, using molecular markers is a pdwemethod for inferring the
evolutionary history of the osprey. Only two geoediudies have been carried out on this
species (Winlet al, 2004; Helbiget al, 1998), but they did not investigate all subspgdie
the entire distributional range. Here, we carriatlan extensive phylogeographic study based
on mitochondrial DNA sequences (cytochromand ND2 genes) from samples covering the
worldwide distribution of the osprey. This exhaustidataset allowed addressing specific
guestions. a) Does the osprey show any phylogebgratructure in mitochondrial DNA at
the continental level? b) How was such a specidlizptor able to colonize the entire world
during the geological epochs? We propose a hypo#tetvolutionary scenario explaining
how the species’ distribution and differentiati@ok place in the past. In the light of these
new genetic clarifications, we discuss the potéiiglications for revisions of the taxonomy
and for conservation (e.g. defining Evolutionargr®iicant Units (ESUs; Moritz, 1994)) to

design adequate conservation strategies at theiatkegpatial scale).

Figure 1: Geographical distribution dPandion haliaetusRanges for the four recognized
subspecies are in different colors: black fmarolinensis red for ridgwayi, orange for
haliaetusand green forcristatus Horizontal stripes are for breeding areas, skiewsl| for
wintering areas and color-filled zones represeeaamwith sedentary populations. In the small
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boxes (from left to right) three zones are zoomedQdaribbean, Mediterranean and Indo-

Australasian areas.

 + #O#(

a. Sampling, DNA sequencing and alignment

Sampling covered the whole species’ distributioraaige, with 225 individuals from 31
countries across five continents (Fig. 1; AnneXAdditional file 1). Fresh samples (n = 118;
both blood and feather) were obtained from wildregp at the nest during ringing activities
in different breeding sites. For each individuahoat 0.5 ml of blood was taken by
venepuncture from the wing and stored either daerfiblotting papers or in 70 % ethanol in
Eppendorf tubes. In some cases, growing body feattentaining traces of blood within the
calamus were collected and stored in envelopesrdioote areas, where it was not possible
to collect fresh samples, we completed our samplisiggg 107 museum specimens. We
collected small pieces of skin (about 2 mm fromtthepad) from museum study osprey-skins
following the procedure described by (Munetyal, 1997). From each museum, we mainly
choose museum study skins of certain origin antectgld during the breeding season, so
excluding possible vagrants or dispersing animals.
DNA was extracted using both fresh and museum spa@ which were amplified by PCR
for the mitochondrial Cytochromie (cyt b). We discarded 21 samples that did not provide
good amplification because of DNA degradation. Féyeb sequences from Genebank were
also included, leading to a total of 209 sequeidesex 1: Additional file 1). For a subset of
38 individuals which returned high-quality PCR puots, we also sequenced the
mitochondrial NADH dehydrogenase subunit 2 (NDZyipg attention to choose samples
distributed worldwide. We also included one seqeeagailable in Genbank (Annex 1:
Additional file 1). Finally, four other raptor spes from the Accipitridae family for which
cyt b and ND2 sequences were available in Genebank dL.&mindell, 2005) were used as
outgroups: White-tailed eagldHéliaeetus albicilld, Tawny eagle Aquila rapay, Black-
breasted buzzardHamirostra melanosterngrand Gray-headed kité€ptodon cayanengis
Total genomic DNA was extracted from fresh anddrisal samples using a Qiagen
DNeasy Tissue kit, following the manufacturer’stinstions (Qiagen, Hilden, Germany). To
avoid contamination with contemporary DNA (Bantoekal, 2008), all extractions from
museum specimens were performed using the fasilitie the platform “ADN dégradé”
(Labex CeMEB, Montpellier, France) dedicated torddgd DNA experiments, where we
adopted the following specific safety measures.ifggant, consumables and Qiagen DNeasy

Tissue kits used in the platform were purchased, mgwle the room was regularly cleaned
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and exposed to UV overnight after each DNA extoactycle, in order to destroy possible
traces of DNA between successive extractions. HEx@atators wore protective clothing and
footwear. As a further precaution and following Bark et al. (2008), we worked with a
maximum of 12 samples during each series of extmacto reduce the risks of cross-
contamination and possible handling errors withetub/Ne only used half of each foot-skin
sample (about 10 mg of tissue) from which total DNAs extracted. Samples were incubated
at least for one night at 56°C to be digested dyite lysis. The tissue was digested inrii80
buffer ATL/20nL proteinase K solution for 20-hours at 55 °C; otheagents and the spin
column were used according to the manufacturestsuations ("Tissue protocol”), and final
DNA elution was performed with 2 x 160 of 10 mM Tris, 0.5 mM HC1 pH 9.0 preheated
to 70°C. Multiple negative extraction and amplifioa controls were carried out
simultaneously, using the same instruments anceregagto detect possible contamination.
Portions of the mitochondrial cyt and ND2 were amplified by PCR. Specific externad a
internal mitochondrial cytb and ND2 primers were designed in this study Randion
haliaetus(Annex 1: Additional file 2). PCR was performedngs1-pl (fresh samples) to 3-ul
(museum specimens) of total DNA extracted, 5-pl Miltiplex Qiagen (containing
HotStarTag DNA polymerase, DNTPs and buffer) 1-qtl éach primer at 2 pm and 2-ul of
purified water. PCR reaction was performed usingasterCycler Eppendorf thermocycler
and began with an initial denaturation of 15 min9&t°C, followed by 30 cycles of 30 s
denaturation at 94 °C, 90 s annealing at 54 °Cjrilextension at 72 °C and a 30 min final
extension at 60 °C. A mitochondrial cytochrome B @ucleotides fragment was amplified
with PANHF1 and PANHRS5 primers; F13 and PHND2-Rimars were used to amplify a
ND2 nucleotide fragment of 1100 bp (Annex 1: Aduhtal file 2). In case of degraded DNA,
we used internal primers to amplify dytand ND2 in 300 to 500 nucleotides overlapping
fragments. Screening of the PCR products was peddrby running on a 1% agarose gel
using GelRed TM nucleic Acid gel stain (Biotium)iz& products have been compared to
long fragments ladder from Eurogentec, Smart LabidlerAfter band sizes were determined,
PCR products were sequenced at the Genoscope thartke “Bibliotheque du Vivant”
sequencing project (CNRS-INRA-MNHN).

Electrophoregrams were read usingpDONCODE ALIGNER 4.0.4 software and
sequences were aligned by eye usiegv&w 4 software (Galtieet al, 1996). Sequences
were also translated into amino acids to checlafyr stop codons and possible amplification
of pseudo-genes. Consensus sequences obtainegtforand ND2 from both fresh and
museum samples were deposited in EMBL under aaressimbers given in Annex 1:
Additional file 1.
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b. Partitioning and phylogenetic analyses
Phylogenetic relationships were inferred from tigelbcalone or from the concatenated byt

ND2 datasets. We determined both the best-fit g@ming scheme and the best models of
sequence evolution usingwRTITIONFINDER 1.0.1 (Lanfeaet al, 2012).

Phylogenetic trees were reconstructed using twdghitistic methods: Bayesian
inference (Bl) and maximum likelihood (ML). Bayesianalyses were performed with
MRBAYES 3.1.2 (Ronquiset al, 2003) using partitioning strategy as previousgsaibed
(see also Results). Two separate runs of ve nmlligenerations (sampled every 250
generations) were conducted simultaneousRACER 1.5 (Rambaut & Drummond, 2007) was
used to check the convergence between the twoanthso determine the burn-in period. On
this basis, the rst 2000 phylogenetic trees weisealded (10%), and the remaining 18000
trees were used to estimate posterior parameterpmbability distributions. ML tree was
constructed with RxML 8.0.17 (Stamatakis, 2006). As GTR is the only noiddie
substitution model available inARML, GTR+G was applied to all partitions previously
determined by RRTITIONFINDER. The robustness of nodes was evaluated with 1606trap
replicates with the option —b. The consensus trag obtained using the progranoNSENSE
of the RiyLIP 3.69 package (Felsenstein, 2005).

Relationships between haplotypes were also vis@lias a minimum spanning
network, using the Median-Joining (MJ) network altfon implemented in the program
NETWORK 4.1.1.0 (Bandelet al, 1999).

c. Genetic diversity, demographic history and molec ular dating
DNAsP 5.10 (Rozaset al, 2003) was used to compute the number of haplo{ynb®,

haplotype diversity (H), nucleotide diversity) (as well as the average number of nucleotide
differences (k). Mean genetic distances within batliveen groups were computed using the
p-distance and a pairwise deletion for the gapsingsdata treatment, as implemented in the
MEGA 5.10 software (Tamuret al, 2011).

Demographic history of the haplogroups and the eltataset was determined with
different methods. Firstly, R2 (Ramos-Onsins & RHz2002), Fu’'s Fs (Fu, 1997) statistics
and their significance were calculated witiNASP. Ramos-Onsins & Rozas (2002)
recommended using R2 when population sizes ard ¢1idl) and Fs when sample sizes are
large (~50)Demographic changes (e.g. bottlenecks or expansiegre also tested based on
pairwise mismatch distributions of substitution feliences using DnaSP. Finally, the
historical demography of the main haplogroups was astimated on the citdataset using
the skyline plot method (BSP; Drummorad al, 2005; Drummond & Rambaut, 2007)
implemented in BAST 1.8.0. BSP analyses were performed on each gepgrately with the
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cyt b partitioned according to codon position and using HKY+G model as sequence
evolution. The likelihood-ratio test performed witREE-PUzZzLE 5.2 (Schmidtet al, 2002)
rejected the strict molecular clock hypothesis (P8P BSP analyses were thus conducted
using a lognormal-relaxed molecular clock with &stitution rate of 0.01973 per lineage per
million years as estimated by Nabhazal. (2009) for the osprey cytochronte Analyses
were run for 50 million generations, sampled evEIQ0 generations, after discarding the first
10% as burn-in. We useACER 1.5 to analyse the results and draw the BSPs.

Time of the most recent common ancestor (TMRCA) astgénated with BAST 1.8.0
based on 43 sequences (39 ospreys and 4 outgrofuis) two concatenated genes (byt
ND2; 2079-bp). The whole alignment was partitio@edording to the three codon positions
using a HKY+G model of sequence evolution. Fousraere performed, each of 50 million
generations, sampled every 1000 generations, df¥@aburn-in was applied. The resulting
tree files were combined withdcComBINER 1.8.0and the maximum clade credibility tree

(mean height) was obtained witlRHEEANNOTATOR 1.8.0.

g
a. Phylogenetic relationships

For the mitochondrial cyb gene, the best-fit scheme was a partitioning altegrto codon
position with the models HKY+I for position 1, Trildr position 2 and K80+G for position 3.
As the TrN substitution model was not availabléViRBAYES, the parameter Nst was set to 2
as the closest model. The partitioned ML analyses werformed with 1000 bootstrap
replicates using a GTR+G substitution model forheacdon position in RXML software.
The average Bayesian posterior probabilities (pp@) bhootstrap values (BP) for supported
clades are shown on the tree in Fig. 2. Thebcghylogenetic tree revealed the existence of
four well-supported groups which represent quasi-oeerlapping geographical lineages. A
first clade (AMER; pp=0.71, BP=84) includes all @preys from the New World: 2 samples
from the Pacific coast of USA (Oregon), 11 from #itantic coast of USA (Massachusetts,
Virginia and Florida), 8 from the Caribbean (5 frolhe Dutch Antilles and 3 from Bahamas)
and 5 of unknown origins (two of them collectedSariname, South America). No genetic
structure was evidenced and it can be noticedtiigaCaribbean samples (supposed to belong
to ridgwayi ssp) are scattered in this group.

The second cluster (IND-AUS; pp=0.61, BP=58) is posed of 37 individuals
retrieved from the Indo-Australasian area: 10 frastern Indonesia (Sumatra, Java and
Borneo), 14 from various islands of Central Indoae$ in New Guinea, 1 in New Caledonia

and 10 from Australia. One sample coming from Inalso belonged to this haplogroup. In
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this group, basal branches were only composeddofiduals collected on Indonesian islands,
whereas Australian birds emerged as terminal beschthe clade.

A third group was composed of 15 ospreys from A8i8IA; pp=0.76, BP=83): six
from the pacific coast of Siberia (e.g. regiondME#gadan, Khabarovsky, Primorskii and the
Kurile islands) and five from Japan. In additionufosamples which belonged to this
haplogroup were collected in other geographic areas from continental Asia (Mongolia),
while the three others from the Indo-Australasiagion (New Guinea, Pulau Batjan Island in
Central Indonesia and Java Island). In the ASIAugré&iberian samples were mainly located
within the basal branches (together with those agrfiom Indonesia) while the five samples
from Japan constituted a well-supported subclage{®8, BP=98).

Finally, the largest clade (EUR-AFR; pp=1, BP=919swormed by 131 individuals,
mainly belonging to the Western Palearctic are#t) wifew exceptions. Ninety-five of these
samples were collected in Europe along a latitudinadient scattered from northern Europe
(Fenno-Scandia and western Russia), central E{fé@enany, France), to southern localities
in the Mediterranean area (Corsica, Balearicsy,lt@brtugal). Samples from North African
coasts (e.g. Morocco) and Atlantic islands (e.qn@@pand Cape Verde) were included in this
haplogroup, together with ospreys from the Red &w®h Persian Gulf areas. Interestingly,
four geographical exceptions were recorded in drisup: two individuals from central
Siberia (Tuva and Baikal regions), one from Indma ane in western Indonesia (Sumatra
Island). In the EUR-AFR group, no evident genetioure was detected between the most
distant populations (e.g. from Finland to the Med#nean)Despite this, basal branches
were represented by individuals mainly collectedha Middle East (Persian Gulf and Red
Sea); a well-supported subclade arose for the @dskmds (pp=0.94, BP=63), but not for
the other Atlantic archipelago of Cape Verde.

In total, three potential mixing areas were detkdietween phylogenetic lineages: a)
one in central Siberia between EUR-AFR and ASIApbg in Indonesia between ASIA and
IND-AUS and c) a third one between west Indonesi ladia between EUR-AFR and IND-
AUS.

Despite the different sample sizes, mean genetistances within groups (Tab. 1)
were very low and showed comparable valyes (0.001- 0.002), indicating slight genetic
variability internal to each lineage. On the otllemnd, the greatest genetic differences
between groups (Tab. 1) were recorded between AMIEKREUR-AFR |§ = 0.026), whereas
lowest values were obtained between IND-AUS andAA& = 0.015) and between IND-
AUS and EUR-AFR§ = 0.017). At the same time, distance between AMIBR IND-AUS
was smallerg = 0.020) than those between AMER and ASHA=(0.025).
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Table 1: Uncorrected pairwise (p)-distance expressed aeptage (%) for cyt b within (in

bold) and between cladeshandion haliaetus

IND-AUS EUR-AFR AMER ASIA
IND-AUS 0.1

EUR-AFR 1.7 0.1
AMER 2.0 2.6 0.1
ASIA 15 2.1 2.5 0.2

Relationships between the four haplogroups did apgiear as well resolved. The
structure of the phylogenetic tree (Fig. 2a) resédhat the AMER group should be the basal
clade but this relationships is not supported (pp60BP=49), just as the sister group
relationships between EUR-AFR and ASIA (pp=0.22=BB) among the three Old World
lineages. In order to improve resolution betweesugs we sequenced the ND2 gene for a
subsample of individuals. Thirty-nine osprey semesn(Annex 1: Additional file 1) were
used for a total alignment of 2079-bp in the coewcation of the two mitochondrial fragments
(1067 bp cyb + 1012 bp ND2). Four partitions were obtainedtfa best-fit scheme: one for
the position 1 of cyb (with the model K80+G), one for the dyposition 2 and ND2-position
3 (model HKY+I), one for the cyt-position 3 and the ND2-positionl (model TrN) anakon
for the ND2-position 2 (model K81uf+G). As previbpsstated, the TrN model was
approximated with Nst = 2 in RBAYES.

The analysis carried out on the two genes (Fig. reb)forced the support for the
AMER, IND-AUS and EUR-AFR lineages. The ASIA group the exception, in being
paraphyletic because the individual from Khabargvskgion in Siberia (sample code:
171_Russia) appears as the sister taxon of EUR-MBR/ever, this result could be due to the
low number of ASIA samples that have been reducedix among which the sample
171 Russia is incomplete because of problems of &BGRlification. If the support increased
for the node EUR-AFR/ASIA (pp=0.87, BP=49), therasano improvement concerning the
support for the AMER clade as the first emergemcthé Pandionphylogeny. Consequently,
and despite the fact that the number of nucleotidesbeen doubled, the position of the root

is still unresolved.
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Figure 2: Phylogenetic trees of ospreys: a) bayesian phyktgetree constructed from 209
cytochromeb sequences (1103 nucleotides) showing the four stggbolades as well as the
geographic origin of the samples; // means thabthach length leading to the outgroups has
been reduced but remains proportional to the nurobsubstitutions per site. (b) bayesian
tree representing phylogenetic relationships obkthinvith the concatenated genes (cyt
b+ND2; 2079 nucleotides, 39 sequences). In bothsiréeur species belonging to the
Accipitridae family were used as outgroups. For psufed clades, bayesian posterior

probabilities and ML bootstrap are indicated atemdespectively.

b. Network, genetic variability and demography
In order to avoid artefactual groupings due to mgsdata, the MJ network was built

considering the most complete dataset in termsucfentides and individuals, which is a
fragment of 661 bp of the citon 146 samples. The network (Fig. 3) confirmed fmajor
groups which were included in 19 unigue mtDNA hagdes. The EUR-AFR clade & 102)
resulted in nine haplotypes differing by only ongcleotide change. Two out of the nine
haplotypes were frequent, and shared by the mwjait the individuals (58 and 25
individuals, respectively). Despite remarkableati#inces in breeding and movement ecology,
osprey populations of lower latitudes within the B 8AFR did not show notable haplotypic
differences when compared to the northern and @lef&mropean birds. The four samples
from the Canary Islands shared a single haplotyithin the IND-AUS group i = 16) only
three haplotypes were found, differing by only oneleotide position. Five haplotypes were

observed within the AMER group and 13 samples dut®showed the same haplotype,
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which was shared by ospreys from both western asteen USA and from the Caribbean.
Finally, within the ASIA groupr{=11) two haplotypes were recorded.

Despite a slight variation within each group (h&ypes were mainly distant by only
one or two positions), a larger number of nucleotdifferences were recorded between
clades. The AMER group recorded the greatest gedetiance with EUR-AFR (a minimum
of 15 nucleotides changed), whereas the minimumbeuraf changes is 11 positions between
IND-AUS and ASIA (Fig. 3).

Figure 3: Phylogenetic network of osprey based on 146 indiaisl and 661 pb. Coloured
circles indicate different haplotypes with sizegwdional to the number of individuals. Black
dots represent missing haplotypes. The median vecteported with a red dot. The number

of individuals is indicated in parentheses for egiup.

In the subset of 146 ospreys, 34 polymorphic segieg sites were discovered within
the 661 bp cyb fragment. The haplotype diversity (H), nucleotdigersity ¢) and other
statistics were computed for the four recognizealdgroups and the whole dataset combined
(Tab. 2). Haplotype diversity was higher in thegkst group of EUR-AFR (H = 0.615) and
lower for the three other groups (range: 0.425-6)4Bhe nucleotide diversity showed similar
patterns between groups, being very weak in eaeadie (range: 0.00066-0.00138). Overall,
H was 0.795 and was 0.01064 for alPandionsamples. Demographic history of the four
phylogroups, as inferred on the basis of FisaiRd R2 statistics (Tab. 2), indicate that only
the AMER group yielded significant values for théséices, whereas the EUR-AFR lineage
showed a significant value for the Fu’s FS only.
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Table 2: Estimates of across and within-population varigbibf cyt b sequences of osprey
mtDNA. Sample size (n), number of haplotypes (nkgplotype diversity (H), nucleotide
diversity (), and the average number of pairwise differenkg3lie value of the Fu’'s Fs test
and R2 of Ramos-Onsins & Rozas (2002) are alsorteghostars indicate significant values
(*: p<0.05 and ***: p<0.001).

Phylogroups n Ny H (s.d.) * (s.d.) k Fs R,
Overall 146 19 0.795 (0.026)0.01064 (0.00087)6.872  1.413 0.100
AMER 17 5 0.426 (0.147)0.00087 (0.00035)0.574 -2.826*** (0.099***
EUR-AFR 102 9 0.615(0.043p.00138 (0.00015)0.901 -3.44* 0.056
ASIA 11 2 0.436 (0.133)0.00066 (0.00020)0.436  0.779 0.218
IND-AUS 16 3 0.425(0.133)0.00068 (0.00023)0.450 -0.571 0.145

Based on these indices, population expansion caas®emed for the American and
possibly the Western Palearctic. Mismatch distrdng for the total dataset yielded a four-
modal pattern reflecting the four lineages (AnneXAdditional file 3). However, when each
clade was analysed separately, the shape of distnbshowed a similar unimodal pattern.
Based on the Bayesian skyline plots (Fig. 4), the haplogroups AMER and IND-AUS
remained demographically stable or underwent askignstant expansion. The EUR-AFR
haplogroup also showed a clear trend of demogragtpansion starting >10000 years ago.
Conversely, the ASIA haplogroup was the only on@aghg a slight continuous demographic
decrease (Fig. 4).

Figure 4: Bayesian skyline plots showing the demographicohiss of the four main

haplogroups identified in th&@andion haliaetussequences. On the x-axis the time is
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expressed in years. The population size (expraasauits of N&, the product of the effective

population size per generation length) is repodiedhe y-axis.

c. Molecular dating

Diversi cation for each group was dated between @&l 0.5 Ma within the Middle
Pleistocene (intervals were partially overlappinghile the rst divergence event which
generated ASIA and EUR-AFR occurred earlier, adolitMa, during the Early Pleistocene.
The values indicate that the initial split betweeages occurred about 3.1 Ma in the Late
Pliocene (Fig. 5). This rst event of divergencepamted the AMER and IND-AUS birds
from the remaining individuals (EUR-AFR/ASIA). Hower, the cluster consisting of these
samples was not robustly supported, making bragchatterns unclear. This is congruent
with the results of the Bayesian analyses whergdsdion of the root clade was not strongly

resolved; though disjunction between clades waalgilsupported.

Figure 5: Chronogram obtained with BEAST 1.8.0 showing ttmeetiof divergence for the
diverse splits irPandion haliaetusising a substitution rate of 0.01973 per lineagrenpillion
years. Blue bars at nodes indicate 95% highesepostdensities. The colour code used for
each haplogroup is the same as in previous figérgmrtial geological time scale is reported

below the chronogram (H = Holocene).
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a. Species diversity and demography

Our study revealed that the osprey is structurégd four main genetic groups,
representing quasi non-overlapping geographicaionsg Each lineage, though including
birds from distant geographic areas, showed sligternal genetic variability. The mean
genetic distance yielded very low values (rangd:-02%). Haplotypic and nucleotide
diversities were also very weak, with only 9 haptats observed for the largest groups
including 102 ospreys (EUR-AFR), and values werenesmaller for the other three lineages.
These values are comparable or lower than thoseded in single populations of other large
raptors. For instance, similar low genetic diversvias found in the mitochondria of various
populations of Red kiteMilvus milvus (Roques & Negro, 2005) and White-Bellied Sea-
EaglesHaliaeetus leucogastgiShepharcet al, 2005) that were geographically closer than
some of our osprey populations within the sameecl&ilich low values are usually related to
populations that experienced demographic crashesnmained isolated in fragmented habitats
(Lifield et al, 2002; Martinez-Cruet al, 2004).

Populations within each group were poorly differated, suggesting that they might
have experienced a reduction of genetic variatidowever, the historical demographic
reconstruction for each lineage suggested that lpbpns within each clade did not
experience any strong bottleneck phases, but ratinelerwent stable trends or slight
increases. Moreover, mismatch distributions (Anriex Additional file 3) as well as
significant values for Fs and R2 are also compatibith the hypothesis of demographic
expansion for the AMER and IND-AUS clades. Thisinsagreement with census data
showing that both American and Australian ospreputations have historically increased in
size (Poole, 1989).

Then, why does each clade show such low genetiability? Low levels of genetic
variation can be the consequence of populationirdes;l or represent an ancestral state
(Wandeleret al, 2007). Several studies have reported stable igetheersity despite declines
in population size (e.g. Pertol@it al, 2001). For example, no obvious loss of genetic
diversity was detected among Canadian peregrineorial Falco peregrinuy despite a
population bottleneck (Browrt al, 2007). In our case, one possible explanatiorhés t
colonization of new areas by few individuals camgyionly a few mitochondrial lineages of
the genetic pool (founder effect). Furthermore,reepopulations could have experienced a
reduction in genetic variability due to climate dluations during the Quaternary; remnant
populations in refugia represented the geneticcsotor the following recolonization (see
below).
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For EUR-AFR, bayesian skyline curves (Fig. 4) ssgigleat populations encountered
a recent expansion, which probably started abod®Q§ears ago. This fits well with a recent
review of the Holocene fossils of osprey in cenialope from 10000 years BP (Zachos &
Schmdlcke, 2006). In Europe, the osprey expandedligtribution area in the following
centuries until the beginning of the"6entury. Then, despite declines during the 1969-70
populations were able to recover, showing postiemographic trends (Poole, 1989).

On the other hand, the ASIA clade seems to be tihe ane which has suffered a
slight continuous demographic decrease (Fig. 4 Jdme trend is also suggested by very
low nucleotide diversity and a positive Fs valuewdver, such values might also be related
to the small sample size of this group (15 samplBsis result needs hence to be confirmed
by further samples from Asia.

Despite the low variation within each group, thewwek (Fig. 3) revealed a high
number of nucleotide differences between the fastirett clades. Overall, the mean distance
across all populations (the entiRandion mix) is 1.2%, which is higher than the values
recorded for the red kit®.75%; Roques & Negro, 2005) or the white tailadleHaliaeetus
albicilla (0.7%; Haileret al, 2007). The mean genetic distance between groapgéd: 1.5-
2.6%) is comparable to, or even greater than, tlbbserved for several members of closely
related sister eagle species from the gereyaila, Hieraaetus(range: 1.7-2.1%; Wink &
Sauer-Gurth, 2004) artdaliaeetus(range: 0.3-9.8%; Winkt al, 1996).

b. Hypothetical Evolutionary scenario
The cytb phylogenetic tree (Fig. 2a) suggests that the AMiaRBlogroup constitutes

the first genetic group that emerged among the ftound for Pandion haliaetus
Unfortunately, this relationship was not supportgdthe cytb alone (1103 bp) nor by the
combination of cyb and ND2 (2079 bp). We can assume that this inoéisol partly arose as
a misplacement of the root due to the use of teerdent outgroups. Indeed, this is not
surprising because there are no optimal outgrowpdadle for the phylogeny rooting of
Pandion since it constitutes a long branch in the phytggef raptors, distant from its sister
Accipitridae family (Helbiget al, 2005; Lerner & Mindell, 2005). Similar problems$ o
rooting have been reported in other phylographyliesi (Godoyet al, 2004; Igeaet al,
2013).

Nevertheless, other arguments can be advocateeirttonce the hypothesis that the
osprey originated in the New World (1 in Fig. 6ixsE the oldest recognized osprey specimen
is aPandion homalopteroof the mid-Miocene of California dated 13 Ma (Rndl989). This

is in accordance with our molecular dating whichneated at ca. 9.7 Ma the origin of a first
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ancestor forPandion sp(Fig. 5). In addition, as far as we know no fossds found in
Australia (where the species is frequent today)ereas seven fossils from late Pleistocene
have been found in Florida (Zachos & Schmdlcke,620&econd, calculation of the
distances between groups (Tab. 1) indicates thatAIMER group is the most divergent
compared to the other three groups, suggestingnise ancient origin (and a closer
relationship with IND-AUS group). Our molecular o estimated at 3 Ma (Pliocene) the
origin of Pandion haliaetusFurther, the phylogenetic trees did not supposister group
relationships between AMER and EUR-AFR, as it wdnddexpected in the case of a direct
colonization from America to Europe (across theaAtic Ocean). On the contrary, a
pronounced phylogenetically old separation betwéenerican and Western Palearctic
populations emerged, in accordance with previousliss (Helbiget al, 1998; Wink &
Sauer-Girth, 2004).

Thus, the second phase of the evolutionary scefaiio Fig. 6) should have involved
the colonization of the Indo-Australasian regione Wypothesize an early passage via the
Bering Strait, which allowed the colonization oktpacific coast of Asia until Indonesian
islands and, in a second step, of Australasia. iyymthesis is corroborated by the fact that
Indonesian samples occupy a basal position in NB-AUS clade, whereas Australian
samples occupy the uppermost branches (Fig. 2&.fif$t colonization might have occurred
during the Pleistocene when sea levels were at tbedest, i.e. ca. 150 m below current
levels, shortening distances between islands artditly facilitating the movement of birds
from Indonesia to Australia (Hewitt, 2000; Shepharal, 2005). We then need to postulate
the extinction of first established northern popolas in Asia, most likely because of
unfavourable climatic conditions, during the glaioias of the Quaternary (from 2.58 Ma to
present).Between 3.1 and 1.1 Ma (Fig. 5), large ice sheetdlorth America and Siberia
might have pushed animal populations to find reduggilower latitudes (e.g. in the Caribbean
for American ospreys and Indonesia-Australia fopydations of Asia). As a result, Indo-
Australasian ospreys may have remained isolatedtha Southern Hemisphere until
subsequent more favourable interglacial periods.

From refugia located in Indonesia-Oceania, two @subf re-colonization can be
inferred. The first one (3 in Fig. 6) involves axpansion towards north with settlement the
eastern Asia. The Japanese population likely afos@ just one colonizing event, as
suggested by a single, strongly supported Japandsz#ade. The second route (4 in Fig. 6)
followed a westward direction to India and MiddlasEand eventually reached Europe where
the population rapidly expanded (in accordance vB®P; Fig. 4). This hypothesis is
corroborated by the-distances which displayed the lowest values betwdd-AUS and
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both EUR-AFR and ASIA groups (0.017 and 0.015, eetipely). Conversely, a greater
distance recorded between ASIA and EUR-AFR (0.@2dirates that neither of these groups
originated directly from one another. In this saemathe overlap between EUR-AFR and
ASIA zones in the Tuva and Baikal regions can kerpreted as a secondary suture zone
(Taberletet al, 1998). However, more samples from Russia andri@ilaee required to better
understand this secondary suture zone and expifémeshces. These two main colonization
pathways (3 and 4 in Fig. 6) were probably inflleshdy environmental and geographical
barriers such as the Himalaya, which might haveented a direct passage from Indonesia to
Central Russia. The split between EUR-AFR and A8téups is dated at 1.1 Ma during the
Early Pleistocene.

Climatic changes during Pleistocene glaciationsibgfacilitated secondary contacts
between North America and Eastern Palearctic via Bering Strait (Prevost, 1982),
accounting for the morphological similarities betmethe subspeciesarolinensis and
haliaetus Although such hypothesis cannot be rejected wendodifferences sufficient

enough to distinguish these groups, at least anitechondrial genes level.

Figure 6: Geographical distribution of the four haplogroupsPandion haliaetusSymbols
and colours indicate both sample locations and tgemgoup: violet squares for AMER,
orange circles for EUR-AFR, blue stars for ASIA agigten triangles for IND-AUS (see
results). Numbers with their corresponding arrovesaiibe the different phases of the

hypothetical colonization scenario.

c. Implications for taxonomy and conservation
Our four genetic groups do not enterely corresptmdthe four subspecies based on

morphological characters (Poole, 1989; Strandb20d.3). The IND-AUS lineage matched

geographically with the subspeciesstatus (Christidis & Boles, 2008). Contrary to current
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taxonomy, North Americanarolinensisospreys do not differ from Caribbeadgwayi birds

as there is no evident structure in the phyloggugcatree and in the network. On the other
hand, in Eurasia, we found that the subspet@émetuswas actually composed of 2 clades
(EUR-AFR and ASIA). This can reflect the poor knedde of the species in Asia where
detailed information about biology and distributiare needed (Shogt al, 2011). Further
samples should be collected to clarify the geogagbhimits of these lineages, especially in
the sectors where we found a zone of overlap.

Overall, genetic distances between osprey clademar range which has already been
used by taxonomists for designating distinct ragfmecies (e.g. Winkt al, 1996). However,
we detected a relatively low overall nucleotideedsity (1.0%) compared to another large
raptor species with a similar wide distributiong(eGypaetus barbatys2.9%; Godoyet al,
2004); but see Haileet al, 2007 forHaliaetus albicilla 0.7%). The decision for splitting
ospreys into different species (e.g. Christidis &ld%, 2008) should integrate also other
factors besides morphology and mtDNA differenceg; behavioural aspects could have an
important role as reproductive barriers betweetadtspopulations (Helbigt al, 2002).

The rst step towards a sound global managementcamgervation plan is to de ne
Management Units (MUs) and Evolutionary Signi cddbits (ESUs; Moritz, 1994). As a
matter of fact, subspecies have often been usptbages for units of conservation in absence
of a genetic data indicating distinct evolutionanyits (Zink, 2004). Our results evidenced
four different ESUs that deserve specific managem&rbetter knowledge of the range of
each ESU is strongly needed in the near futurepalticular, the ASIA clade should be a
priority target for multiple reasons: a) this ligeahas never been described before; 2) it relied
on a limited number of samples (n = 15) from onlfew areas; 3) the majority of these
samples were museums specimens, so the curremnpeesf this clade in East Russia and
Indonesia needs to be confirmed; 4) it is the arlbde to show clear signals of a slight
continuous demographic decrease; and 5) it haseao morphological characteristics which
help identification.

Despite the osprey is currently globally listed @k Least Concern (BirdLife
International, 2014), it is considered a prioritpesies for conservation across its
distributional range. Indeed, the osprey has egpedad a severe decline during the 19th and
20th century that led to important demographic idesl or local extinctions (Cramp &
Simmons, 1980; Dennis & Dixon, 2001; Bierregaatdal, 2014). Overall, the osprey is
considered an important flagship species and duheglast decades, the species has been
involved in 25 reintroduction projects across létes in USA (Martellet al, 2002;
Bierregaarcet al, 2014) and also in Europe (Dennis & Dixon, 200-gr¥t et al, 2012). Our
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results suggest that reintroduction projects faease.g. within Europe could be conducted
using source populations within the entire Westalearctic but not using birds belonging to
the other ESUs. However, before concluding thatresiriction needs to be adopted for

translocations between populations within the Westealeartic, other variables must be
considered. Further genetic study using microstgetharkers could reveal more recent
differences and the occurrence of gene flow betwegpulations. Besides differences at
MtDNA level, local populations (e.g. Mediterrane@gnary Islands, Cape Verde, Red Sea)
could in fact show recent differences containedtlas level of nuclear genes (e.g.

microsatellites loci) and also in migratory or regictive behaviours.
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Genetic variability and population structur@ iosprey were studied using DNA
microsatellite markers. Special emphasis was plagcethe subspecies living in the Afro-
Palearctic Pandion haliaetus haliaetyisFor comparative purposes, North American osprey
subspeciesR. h. carolinensisP. h. ridgway and Indo/Australian subspecid3. (. cristatuy
were included in this analysis. 20 DNA microsatelloci were analyzed across a total of 200
individuals. Cluster analysis of genetic distangeserally grouped populations of osprey in
accordance with their subspecic designation andhwprevious results from mtDNA
analysis. Ospreys from America and Australia wdearty separated fror®. h. haliaetus
suggesting a more ancient isolation which prevem¢éegnt gene flow across these groups.
Within P. h. haliaetussigni cant genetic differentiation was found betn populations in
northern and southern Europe, suggesting that treePalearctic group is structured into two
interconnected entities (Mediterranean and contaldiurope). Population structuring was
supported by an assignment test and by analysadledé-sharing among individuals. At the
Mediterranean scale, no significant differencesaliélic information were found between
populations. Behaviours such as dispersal, migraéiod philopatry seem to have played
simultaneously and in contrary directions in shgpiihe genetic structure and diversity of
populations. A better understanding of these behasiis therefore needed since it could help
in reconstructing population dynamics providingesd&l information for management and

conservation of the species, namely in the Meditezan area.

Keywords: genetic connectivityOsprey, nuclear molecular markers, dispersal, riara
philopatry, Palearctic, Mediterranean.
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Acquiring a good knowledge of ecology, life histoapd demography of animal
populations is essential to establish reliable gament measures in the light of long-term
conservation purposes (Primagekal, 2000). One important component affecting popatati
dynamics is genetic diversity (Avise, 1989; 199%hich includes variability both at the
individual and population level. Such variabiliygsulting from both neutral and adaptive
processes, evolved in response to biotic and abminditions. The loss of a portion of
genetic diversity is one of the main processes lwiugncur to impact future chances of
persistence of a species. This is true especiallysinall and isolated populations which,
because of inbreeding and genetic drift, can beped in an extinction vortex (Hoéglund,
2009). In this context, understanding the gendtiecture and connectivity of populations is
of fundamental importance to establish appropréaeservation plans, especially for those
populations which are threatened and so requireifspemanagement measures (Agustaal,
2011). An accurate management of local populatioag indeed prevent the loss of genetic
variation resulting from population declines (Draheet al, 2010). The genetic structure of
populations is clearly determined by evolutionaoycés (e.g. natural selection, mutations,
genetic drift), but is also influenced by behaviblesjeet al, 2000; Agudoet al, 2011).
Intensity of gene flow may differ between speciesoading to several behavioural factors
which often act antagonistically. One factor ispéisal that is defined as the permanent
movements an individual makes from its place othbito its first breeding site (natal
dispersal) or between successive breeding siteedbrg dispersal) (Clobeet al, 2001). It
may allow colonization or recolonization of favolabhabitats/vacant sites for the species
(Hanski & Gilpin, 1997), thus resulting in homogeation of the gene pool between
populations by balancing potential differences iardy Weinberg equilibrium (deficit or
excess heterozygotes; Salaati al, 2005). At the same time migratiothe widespread
behaviour by which an animal periodically movesnirone region to another in order to
better satisfies its requirements for a phase oflifié cycle (Berthold, 2001), can interact
synergistically with dispersal in the regulation alfelic frequencies between the different
populations. Indeed, individuals may choose togyeeproduce on a site they have previously
visited during migratory journeys. On the other dhaphilopatry (the behavior by which
individuals tend to return to their natal areadproduce once they reached sexual maturity) is
an antagonist factor to dispersal and migratiomgesit tends to favor a local sub-structuring
by preventing gene flow between populations. Tiueeeft is expected that strict philopatric
species will show strong population genetic strigteharacterized by many private alleles

and heterozygote deficiency. For example, in thgratory Egyptian vulture Neophron
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percnopteruy individual GPS tracking showed that geographibalriers such as the
Mediterranean sea do not operate as obstacle t® figam between populations, but rather
that genetic isolation might be due to a strondoplaitric behaviour of the species (Agueio
al., 2011). In this sense, species with a high phtlopaehavior may have populations with a
genetic structure similar to species living in m&la (so following the model of island
biogeography; MacArthur & Wilson, 1967). Therefobehaviours operating as barriers (e.g.
high territoriality, philopatry) may have an impamt role in explaining the genetic structure
of populations. Furthermore, these antagonisticabelnirs (e.g. dispersal and migration vs
philopatry) can often act concurrently, being moréess prominent but affecting the ultimate
genetic aspect of populations. Understanding thie f such behaviours and their
concomitant effects on population dynamics is @uto guide and develop effective actions
of conservation, especially for threatened spettias have experienced strong decline after
centuries of persecution by humans (e.g. raptors).

In this context the ospreyRandion haliaetusis of notable interest. This highly
specialized fish-eating raptor is the only représire of the family Pandionidae (order
Accipitriformes) and four subspecies have been riest on the basis of morphological
criteria: P. h. carolinensisP. h. ridgwayj P. h. haliaetusandP. h. cristatug(see chapter 1;
Poole, 1989). Across its distributional range, bo#isident and long-distance migratory
populations are evidenced (Poole, 1989). Moreatvédras been shown that this raptor has a
large capacity of natal dispersal that varies atingrto sex (sex-biased dispersal with
females dispersing over a greater distance thaesnMartellet al, 2002) and at the same
time has a strong philopatric behavior (Poole, 198%us the osprey represents a good
biological model for investigating how genetic poolere structured among different
populations by these antagonistic factors. At negiccales, dispersal movements, migration
and genetics of this species are still poorly knopneventing the full understanding of their
ecology and in turn arising many questions aboatldmg-term maintenance of populations.
For example, the absence of connectivity (thus @#tsence of gene flow) between
Mediterranean populations living on islands andséhrom mainland (continental Europe),
could lead to a significant loss of genetic divigran the former because of their low numbers
and related risks of extinction (Hoglund, 2009).

In this context we investigated the existence ohnamtivity between osprey
populations at different scale of resolution (frgtebal to local extent) using genotyping
techniques such as microsatellites. Starting frogiohal level, we estimated the degree of
genetic divergence between populations over thédward then, at a more precise scale, we
evaluated the degree of connectivity between paipula in the Western Palearctic, with a
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special attention to the Mediterranean area. Itiquéar, we postulated that both geographic
(e.g. sea, islands) and behavioral (e.g. philop&tryitoriality) factors could act as barriers to

gene flow between populations, thus affecting teegic structure of populations.

0+ #O#(

a. Microsatellites genotyping

A microsatellite library was specifically developddr Pandion haliaetusby the
biotechnology company Genoscreen, using the mettiddgh-throughput pyrosequencing
(GS FLX ®, Roche Diagnostics ®) (Malaustaial, 2011). 411 loci were obtained showing
different repeated units: di-nucleotides (272 lptinucleotides (112 loci), tetra-nucleotides
(19 loci), penta nucleotides (6 loci) and hexa-aatitles (2 loci). Considering that markers
with more complex patterns and multiple repetitians likely to have a higher polymorphism
(Frankhamet al, 2002), we selected 40 loci according to thisecidt for genetic analysis. A
correct amplification (a single band at the expgaiee) of these loci was firstly checked by
PCR using non-labeled primers (cold primers). Btep allows keeping 28 out of the 40 loci
tested. Subsequent tests performed with fluorochrlabeled primers (hot primers)
confirmed the validity of 27 loci after reading thelectrophoretic profile. Amplification
reactions contained 5 pl of QIAGEN Mix ®, 1 ul afrfvard and reverse primers, 1 ul natif
DNA and 2 pl HO.

b. Sampling and DNA extraction

A total of 200 individuals were collected from maiycalities heterogeneously
distributed over the world (Fig. 1; Tab. 1), allogito consider three spatial scales: global,
Afro-Palearctic and Mediterranean. Samples wereiggd in 14 groups according to their
geographic provenance (populations were set asréiff at a minimum of 500 km) and from
results yielded by the TRUCTURE software (see below in methods). Each populatias w
coded with a letter (Tab. 1). DNA was extractedifrblood (preserved in alcohol in the
Queen buffer or dried on filter paper), feathersjsoles or toe-pad fragments using the
Qiagen "DNeasy ® kit Blood and tissue "(Ref. 695Q6agen Inc.). The extraction protocol
of DNA was adapted according to the type of sanfplece extracted, the quality and quantity
of DNA samples were checked by electrophoresisguam aliquot of 5 pul DNA of each
individual and of a size reference marker (Therriergific GeneRuler ™ DNA Ladder,
Fermentas), upon an agarose gel containing 1%iethidromide (a intercalating fluorescent
DNA).
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Figure 1: Geographical distribution oPandion haliaetusRanges for the four recognized
subspecies are in different colors: black fwarolinensis red for ridgwayi, orange for
haliaetusand green forristatus Horizontal stripes are for breeding areas, skiewsl| for
wintering areas and color-filled zones represeetsrwith sedentary populations. Circles
symbolize sample locations. In the small boxesffteft to right) three zones are zoomed in:
Caribbean, Mediterranean and Indo-Australasiansari@ad dotted circles include different
populations as defined in this study (see methodks Taable 1) and represented by a letter
code (A: Australia, B: Balearic Islands, C: Canktands, D: Cape Verde Islands, E: Corsica
and ltalia, F: Finland and Sweden, G: continentahEe and Germany, H: Japan, Indonesia
and New-Guinea, |: Estonia and Latvia, J: MidHkEst and Persian Gulf, K: Morocco, L:

Portugal, M: Russia and N: America and Caribbean).
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Table 1: Description of the 200 samples Bandion haliaetusused in this study. Code,

locality, tissue origins, sample type and numberf@ each population are reported.

!
# $
% &
& (

) tor&)+

/ o0& &1(2) , . SR

45 0&% $
/ 6 % *&7 ) | 3 8
9 6
4 7 - %
6 3 8
1 < & 88 3 8

c. Genetic analyses: population structuring method

Principal Component Analysis (PCA) is a multivagiastatistical procedure allowing
representing the general organization of the glapahetic variability of the sampling
considered. PCA places each individual within admgpace with X dimensions (X referring
to the total number of alleles contained in thalitt of loci) and that is projected on a 2
dimension space explained by two axes representiagbest dispersion of points. The
percentage of inertia of each axis represents ttygoption of variance explained by the axis
that was calculated. This analysis was conductedsinyg the software R v.2.15.1 (package
ade4) to rank individuals in function to their ggo@roximity.

The number of genetic units withiPandion haliaetusas been evaluated with the Bayesian
method implemented inTRBUCTURE V. 2.1 (Pritcharcet al, 2000; Falustet al, 2003). This
software estimates the number of populations (Kgximizing the likelihood L (K) of the
data observed from the likelihood values of the ehqhrameters. Each individual is thus
assigned to a population with a certain probabilitythout a priori on its geographical
location. The simulations under the admixture moaete performed with a Monte Carlo
Markov Chain (MCMC) runs of 2xfoiterations with a burn-in period of 3.5X10The
number of cluster (K) tested ranged from 1 to 1d fam each value of K, 10 simulations were
performed for each K to test for the stability dfetresults. All the simulations were

convergent and yielded the same results. The detation of the most likely number of
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genetic group was estimated by the value of maxirhkefihood as well as by the Evanno’s
method which is based on the calculation of thed€lfunction (Evannet al, 2005).

0. # "

The PCA (Fig. 2) carried out on the 20 polymorpticrosatellite loci counted 76 variables
(total number of alleles expressed in the set of).ld’he two axes explained the 18.8% and
10% of the variance, respectively. The PCA distisiged three main distinct genetic groups:
Australia (A), America + Caribbean (N) and all théhers populations of the Palearctic.
Outcomes from the TRUCTURE program gave further information. First analysigswun on
the totality of the dataset (200 individuals frothaver the world) with a K variable value
shifting from 1 to 15. The likelihood curve L (K)nd those of delta (K) gathered with
Evanno’s method returned a maximum value of 2 elgs{Fig. 3A). The graph of genetic
assignation with K = 2 (Fig. 3a) showed a markedcstiring distinguishing individuals from
Americas (together with only one individual fromrRmal) and Australia (red cluster) within
a group and the remaining others from the reshefworld in another group (green cluster).
To have a more detailed view of this structuratie, repeated the analysis for each of the
two groups obtained. The analysis on the groupawoimig Australians, Americans and one
Portuguese individual (N = 22) was run with a Kuesd shifting from 1 to 8, while the
analysis of the second group (rest of the worlé: N78) with a K value from 1 to 13. In both
cases, the likelihood curve L (K) and the delta §gye a maximum value of K = 2 (Fig. 3B,
3C). First group (Fig. 3b) was hence split in twb-groups with Americas + Portugal from
one side (green cluster) and Australian on anatltkr (red cluster). The second group (Fig.
3c) was equally split into two sub-units: individsdrom the Mediterranean basisefisu
largo: see red cluster = MEDIT) and individuals comingnfi Continental Europe, Cape
Verde Islands and Arabic peninsula (green clusteEGNT). Hybrid individuals (HYB)
between these two groupsive been identified in different places (Fig. Bnland-Sweden
(F), continental France-Germany (G), Estonia-Lai¥)a Portugal (L) and Corsica (E) and
Cape Verde Islands (D).
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Figure 2: PCA based on the
polymorphic character of 20
microsatellites loci (76 alleles) of
osprey from 14 populations
(N=200). Genetic groups were
green for Australia (A), violet for
America + Caribbean (N) and
red/orange for all the others
populations of the Palearctic.
Letters identify different

populations as defined in Table 1.

Figure 3: Graphic representation of genetic assignation uSIrRCTURE On the left-hand
graph (A, B, C), mean of the natural logarithm loé¢ fikelihood L (K) (left y-axis) and of
delta K (right y-axis) computed following the Evarsm method (2005) using 10 simulations
for each K (x-axis). On the right-hand graphs (ag)bthe y-axis represent the probability to

belong to a certain cluster, while on the x-axeseorted a letter code for each population

(see Fig. 1 and Tab. 1). Each colour representhistec and each vertical bar a single
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individual. Different populations are divided bybkack solid vertical line. A and a) analysis
carried out on the whole dataset with ospreys fatimround the world (N=200; K=1to K =
15); B and b) analysis carried out only on thealedter of the analysis a (N=22; K=1to K =
18); C and c) analysis carried out only on the greaster of analysis a) (N=178; K =1to K
= 18). For each analysis, the best number of grdefermined was K=2.

00
At the global scale the osprey appeared to be igailgt split in three main groups:
Australasia, America and Palearctic. Isolation sn probably promoted by the presence of
huge geographical barriers, such as oceans, whightrhave prevented connectivity and
gene flow between these groups. These outcomesrdyein partial accordance with the
taxonomic classification of osprey subspecies basedorphological characters (Cramp &
Simmons, 1980). We did not find any difference kesw North Americans and Caribbean’s
ospreys (which belong t®. h. carolinensiandP.h. ridgwaysubspecies). These results were
in accordance with those found in the previousysmas carried out with mtDNA (see chapter
1). Similarly, the Palearctic group (from west &sg matches with the supported clade which
includes EUR-AFR and ASIA (see clade 0.87/49 in. Ry of article 1). Two sub-entities
interconnected by gene flow were found in this g@rourhe internal splitting was
geographically featured with sub-groups from theaeand north-east Europe (CONT group)
from one side and the others included in the Mediteean area (MEDIT group). In the
Palearctic, the existence of two sub-entities (despitochondrial DNA analyses identified
only one clade) could be due to the different maoiatrate beween microsatellites and
MtDNA that respond to diverse temporal evolutivales, to different types of genetic
transmission (i.e. mtDNA transmitted exclusivelg waternal), and/or related to the different
sample size adopted for analyses. On these bagiffjdult to exactly infer the origin and the
current distribution of this group.
Moreover, individuals presenting both colours o0g. B, show signs of introgression between
the two clusters (“hybrid” individuals: HYB), thusuggesting the presence of gene flow
between populations of the two groups. These iddafs were found especially in central
continental Europe (Fig. 4). Factors influencingtsgenetic diversity and structuration are
therefore probably linked to migratory habits andtering fidelity on the one hand and to the
phylopatric behaviour on the other hand. The presesf hybrid individuals would suggest
connectivity between groups maintained by a cemaimber of dispersing individuals which
contribute to maintain this flow. In this sensemare focused analysis is compulsory to

quantify the rate of dispersal occurring betweepybations. Another possible explanation for
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this genetic structuration at the scale of the &atec could be due to the migratory behaviour
of different populations. For example, three mdywéys are known in the Palearctic for
ospreys (Fig. 4): a western flyway passing throtlgh strait of Gibraltar, the Sahara desert
until sub-Saharan wintering grounds followed bythavestern ospreys (Alerstaet al,
2006; flyway “w” in Fig. 4), a central flyway thrgh Corsica-Sardinia and Italy (Bai &
Schmidt, 2011; flyway "c" in Fig. 4) and anothesian one through Middle East and Red
Sea (Newton, 2010; flyway "e" in Fig. 4). Accordipgnorthern ospreys migrating to
wintering sites in tropical Africa (flyway “w”) cdd have probably colonized Cape Verde
Islands (from Senegal), assisted by easterly tradeds, and thus would explain the
dominance of CONT-like genotypes in Cape-Verde.tmother hand, the Canary Islands
share the same MEDIT genotype with the populatfom® Balearics, Morocco and Corsica.
A similar process could have been happened forlptpos residing in the Red Sea area (that
are predominantly with CONT genotype) across thestega flyway. Within the
Mediterranean, no genetic differentiation was folnedween the different populations. The
absence of structuration at this level might be duthe fact that movements of individuals
are probably not much affected by the sea crogswhgch seems not to operate as a physical
barrier). In this sense, osprey populations livingthe Mediterranean still seem to be
connected by gene flow. Despite strong philopdighaviour, ospreys show a certain degree
of dispersal which allows populations to maintagmetic variability and admixture. Dispersal
in ospreys is known to be sex-biased in favoueaidles that cover greater distance, contrary
to males (Martelet al, 2012; Montiet al, 2014). These antagonistic behaviours seem to play
concurrently in shaping genetic structure and digrat different scales. At the time of
writing, analyses for genetic determination of kaxe been launched in order to check at any
eventual relationship with dispersal and genetigedity between groups. To better
understand how genetic structuring can be influérme evolutionary behaviours (dispersal
and philopatry) which act simultaneously, it is matory to investigate migratory strategies
and dispersal patterns of individuals from différpapulations and along different migratory
flyways. A better understanding of these behavigitherefore needed since it could help in
reconstructing population dynamics providing essérnihformation for management and
conservation of the species, namely in the Meditexan area. To achieve this goal and to
answer these questions, | here introduce the rieqiter concerning migration of Palearctic

ospreys.
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Figure 4: Graphic representation of genetic structurationosprey populations in the
Western Palearctic. Each circle indicates a pojulatefined by a letter as reported in Tab.
1. Green colour is for the CONT genetic group (owrital Europe), red for the MEDIT
group (Mediterranean) and black for HYB (hybridsilividuals sharing both of the allelic
information. Dotted lines represent main migratfyways in the Western Palearctic: w =

western flyway, ¢ = central flyway and e = easfigiway.
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The spatial pattern of distribution of organismgyenerally affected by movements
(Begonet al, 2006), that are motivated by a variety of ne@dsling food or mates, avoiding
predation, seeking nesting sites or shelter frogordus weather (Festa-Bianchet &
Apollonio, 2003).

Recent studies highlighted the importance of undeding the role of the factors
affecting behavioural schedules of the individudeeding ecology, dispersal and habitat
selection represent key features to investigate itiy@ortant consequences in population
dynamics and changes linked to the global climdtanges (Goss-Custard & Sutherland,
1997. Animal movements can range from short-distance laligments to long-distance
journeys that, for example, can occur during mignamovements. Migration is a widespread
behaviour by which an animal periodically movesnir@one region to another that better
satisfies its requirements for a phase of itsdifele (Dingle, 1996; Berthold, 2001).

In the course of the evolutionary history of birdsjgratory behaviour evolved
repeatedly in a number of independent lineages fseatentary ancestors (Rollaed al,
2014). During past glacial cycles, natural selectavoured those species that, being able to
escape changing environmental conditions, avoiddthation by long distance seasonal
movements. Simultaneously, movement capabilitiesmifratory species promoted the
colonization of new areas where adapted foundersetusedentary, diverging from their
ancestor migratory species (Rollaetlal, 2014). The origin and the recurring evolution of
seasonal migration highly impacted and shaped vlan alistribution and speciation around
the globe. As a result nowadays, a huge variatiomigratory behaviour is detectable with
migratory strategies that vary greatly between hasyi species, or populations within a
species (Pérez-Tris & Telleria, 2002; Netwon, 2007)

Seasonal migratory movements occur as responsasoal changes, with the non-
breeding period generally spent at lower ldigw than the breeding one (a part of
existing cases of migration over longitude, suchthes intra-Amazonian migration of the
Orinoco GooseNeochen jubataDavenportet al, 2012; for other examples see: Newton,
2007). Normally moving towards lower latitudes utamn, birds leave behind their breeding
habitats (highly productive in spring-summer) tooiav food shortage, increase in
thermoregulation costs due to decreasing air teatpess and day length shortening typical of
winter periods at high latitudes. In this way, theyrove their chances to survive in winter

and to reproduce again in the subsequent seasomdhle2010). However, travelling long-
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distances exposes individuals to high energy demardl the possibility to encounter
unfavourable conditions on the way (e.g. poor res®uavailability at stopovers, harsh
weather events, hazards, etc.) that may increaseigk of mortality as well as originate
demographic fluctuations at the population-leveetiidon, 2008). As a result, dispersal and
migration are some of the factors that much infagethe animal survival (Sillett & Holmes,
2002; Klaasseewt al, 2014) and consequently can control the dynammdstlae demographic
trends of any population. To face with these restms, birds developed a high capability in
modulating their migratory performances in relationenvironmental factors and obstacles
encountered on the way.

Here, we investigate the movement ecology of th@eysin the Western Palearctic.
Although migratory strategies and movement pattefriarger osprey populations in northern
Europe and North America were well described (Hekeal, 2001; Kjellénet al, 2001,
Alerstamet al, 2006, Dennis, 2008; Martadt al, 2014; Rodriguez-Santaeaal, 2014), the
dispersal dynamics (Berthold, 2001) and the areasl wutside from the breeding season
(wintering sites) were notet investigated in a detailed manner for the Meditnean basin.
Therefore, basic informatioan spatial ecology obsprey in the Mediterranean basin is still
lacking. Two mutually-dependent specific studies presented: a first one concerning osprey
migratory strategies and the way they cope withssirg sea barriers, and a second
provisional manuscript about wintering ecology dmabitat selection. These studies are
fundamental not only to ascertain proximate caugemovement ecology, but also to plan

sound conservation measures.
The second study was part of the subject of ARobert which | co-supervised together with

Oliver Duriez and llham Bentaleb, for his mastein|“Environnement et Gestion de la
Biodiversité - (EGB)” at the University of Montpit 2.
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Through scale-dependent analyses of migrationesfied, we studied migratory plasticity
between age-classes and populations of a largeatargr raptor, the Ospreyandion
haliaetus in the Western Palearctic. Fifty-four ospreysrir8candinavian and Mediterranean
populations were GPS-tracked across 70 migrat@yyg to investigate variation in migratory
traits across a latitudinal divide, among indivilduaf different age classes and in relation to a
broad set of ecological factors (e.g. geographibakriers, wind conditions, etc.).
Scandinavian ospreys performed homogeneous lomgrdis migrations (6000 km range),
crossing the Strait of Gibraltar before reachindp-Saharan wintering grounds in West
Africa. In contrast, Mediterranean ospreys showeteterogeneous migratory behaviour
typical of partially migrating populations, with dividuals remaining resident in 46% of
cases, 39% performing long-distance migration, &k travelling short-distances.
Mediterranean migratory ospreys also performed Ioag-stop flights over the open sea,
which were not observed in Scandinavian birds. Eligbvels of variability in the choice of
migratory routes, timing and wintering grounds, eaed higher plasticity in migratory
behaviour in the Mediterranean region, potentiadiye to more favourable ecological
conditions on a year-round basis. Across populati@ault birds travelled longer distances
per day and displayed less sinuous migratory pduwdas juveniles, suggesting that migratory
capabilities improve over time. Juveniles also lwager abilities to use favourable winds, and
to cope with sea-crossings. Overall, our study destrates that detailed knowledge of
migratory patterns at multiple spatio-temporal esals of fundamental importance for the

design of conservation and management plans otvaitrie migratory bird populations.
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Keywords: migratory strategy, raptor, barrier crossing, wasgistance, leapfrog migration.

A migration strategy is the product of a set oksuthat determine the overall process
of migration (Alerstanet al, 2006) and that results from the interaction oftiple factors
simultaneously operating at varying spatial andperal scales. Major migratory traits, such
as timing (i.e. departures and arrivals) and roqtes direction of migration axis, distances
covered and destination), are thought to be mostigtrolled by an inherited genetic
component and driven primarily by an endogenougskedmd-compass system (Berthold,
1996; Thorup & Rabgl, 2001). Conversely, minor tdrasuch as daily speeds, flight
performances and straightness of the tracks ratem to be predominantly shaped by the
environment (weather conditions and habitat matng the experience of each bird.
Specifically, birds seem to be able to adjust tpatial and temporal schedules of their
migratory journeys (e.g. daily distance coveretjetispent at stopovers) to avoid detours
triggered by adverse weather, to minimize energysamption, and thus to enhance their
survival chances (Sergat al, 2014; Vansteelart al, 2014; but see: Lokt al, 2013). Such
seasonal modulation of migratory parameters has lbeeorded in relation to windscapes
(Sinelschikovaet al, 2007; Klaasseret al, 2011; Yamaguchiet al, 2011), food peak
resources availability (van der Gragtfal, 2006; Duriezet al, 2009; Tattrupet al, 2012a)
and exceptional storm events (Tgttetpal, 2012b; Vansteelart al, 2014). Such ability to
regulate migratory parameters plays in favour dfraspecific variation in migratory
behaviour, showing that multiple external and iné&kfactors concur to shape migration traits
(Alerstam, 1990; Berthold, 2001).

In this context, it is essential to assess migyafgasticity across age-classes and
populations of a same species. Until now, mostistuédimed at clarifying migratory
behaviour at the population-level, and very fewfgrened scale-dependent analyses of
migration strategies (e.g. Mandglal, 2011; Singlet al, 2012).

Here we explored the migration strategies of rgelamigratory raptor, the osprey
Pandion haliaetus haliaetysn the Western Palearctic. Because of the higistglity in
habitat requirements typical of a cosmopolitan gs¢Cramps & Simmons, 1980), this
species provides a good opportunity to explore Weheal adaptation to migration in
populations that evolved under different ecologicahditions. In the Western Palearctic,
osprey populations from northern and central Europeamonly breed on the tree-top of
forested habitats, being strictly associated tshwater lakes or rivers for feeding (Poole,
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1989; Wahl & Barbraud, 2014). Previous studieshigse populations revealed long-distance
migratory journeys conducted towards sub-Saharariewng grounds (Haket al, 2001;
Alerstamet al, 2006; Klaasseat al, 2008; Bai & Schmidt, 2011), using a combinedtstyg
made up by fly-and-forage bouts and stop-over (@8trarg & Alerstam, 2007). In contrast,
osprey populations living in southern Europe, l&k®und the Mediterranean basin, breed
mostly on rocky pinnacles within a fragmented callsabitat, being tightly linked to marine
environments for fishing (Cramp & Simmons, 1980;Mp2012). Classically, information
on the spatial ecology obsprey populations at this latitude only consistedgporadic ring
recoveries and anecdotal information (Thibault &rifgonio, 1992; Thibaulet al, 1996;
Thibault et al, 2001), limiting the understanding of their mignat ecology. In order to
investigate migration strategies along a Westemrofean latitudinal divide we investigated
the behaviour of osprey populations from Swedeprégentative of northern and central
European populations), and from the Western Mediteran.

We hypothesized that a wide gradient of environaeahd habitat variables might
have accounted for the evolution of different migra strategies across populations. First, we
predicted that more favourable ecological condgjompresent all year round in the
Mediterranean, could have favoured the presenaesifient or nomadic individuals at this
latitude. Further, we postulated that southernviddials living on marine islands might be
constrained in their migratory behaviour by theemu® of suitable feeding habitat on the
move. Indeed, osprey cannot feed offshore becdieserteed to perch to bite-feed on their
prey.

According to this, we tested the following hypote®sa) northern birds, that are
supposed to carry out longer distance migrationgamparison to Mediterranean birds,
should leave earlier both in autumn and spring,atdve on time for wintering and
reproduction, respectively; b) northern birds sdoalso cover greater daily and maximum
distances, to compensate for long refuelling ap®ter sites in Europe (Klaassen al,
2011); c) a latitudinal divide should occur withspect to the preferred direction of
movements (abbreviated PDM; Kerapal, 2012a), on the assumption that different climatic
conditions exerted constrating selection pressuresa populations; (d) furthermore, we
expected passages at favourable points and/oryhugtioured trips along Mediterranean
coasts to minimize the crossing of large waterttréas observed in other large soaring birds;
Kerlinger, 1989; Strandbergt al, 2008; Chevallieet al, 2010). During such sea-crossings,
because thermal soaring is unlikely, we expectedsko perform mostly flapping flight, and

thus to record more constant and higher airspeasdia éess sinuous track than on land.
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In addition, at the population-level, we comparegratory strategies between age-
classes, starting from the assumption that juveral® naive travellers and this can lead to
differences in the straightness of routes travelRelon & Grémillet, 2013; Cresswell, 2014).
We therefore expected more sinuous routes and fonggation bouts for younger birds.

Finally, as wind is known to be the most importiator affecting flight performance
(Kemp et al, 2012b; Vansteelanet al, 2014), we investigated how weather affected
individuals (Shamoun-Baraned al, 2003; 2011; Nilssoret al, 2014; Vansteelantt al,
2014) especially according to their life stage [Blger et al, 2012; Péron & Grémillet,
2013), taking into account the role of the windistamce during migration. We thereby
hypothesized that experienced adults would perfoetter at selecting favourable winds and
thermal currents, and therefore would fly at gregteundspeeds.

Through this cross-scale study design, we aim ¢wige essential evidences that clarify
the spatial ecology and migratory strategy in respoto a broad set of ecological

components, and identify drivers of migratory moeas in an evolutionary context.

3+ #H(

a. Tracking technologies

Overall, 54 adult and juvenile ospreys from the WesPalearctic were tagged during
our study. Birds come from Scandinavian (18 bindsnf Sweden) and Mediterranean (15
from Corsica, 14 from Balearic Islands and 7 frormimtand Italy) populations. Details are
provided in Appendix 2. All tracking devices wetéaahed as backpacks with a harness made
of 7-mm-wide Teflon ribbon (Kenwaret al, 2001). Details on trapping and tagging methods
are available in Klaassest al. (2008 and 2011). The mass of the equipement nexceeded
3% of bird body masses. All birds were color ringegtasured, and sexed (based on the size
and on plumage and/or using molecular sexing, \ioilg Griffiths et al, 1998). Bird
handling lasted 30-50 minutes.

Adult and juvenile Swedish birds were fitted witB-¢g Solar Argos/GPS PTT-100s
(Microwave Telemetry Inc., Columbia, USA) at thbreeding site. Transmitters contained a
GPS receiver that logged the position at 1-h irdsvoperating between 0400 and 1800
GMT. These loggers provided data on latitude, lag, altitude, instantaneous groundspeed
and heading. For our study, we re-analysed adyitegstracks previously published by
Klaasseret al.(2008), and integrated new tracks of both adudtjamenile individuals tagged
during the 2006-2011 period. The complete Swedstast hence included 39 tracks (8
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incomplete) from 7 adults (3 males, 3 females and andetermined) and 10 juveniles
(undetermined sex).

In the Mediterranean, 13 adult ospreys were cabgtween 2009 and 2013 in three
different areas. Five adults (3 males, one femateane undetermined) were trapped using a
perch-trap in wetlands on the NE of Mallorca IsldBalearics). Birds were fitted with 30-g
Solar Argos/GPS PTT-100s (Microwave Telemetry In€olumbia, USA) that were
programmed to on a cycle of 12 h ON and 12h OF&utum-winter and 16 h ON and 8 h
OFF in spring-summer, whereby positions were sehbarly intervals when the device was
ON. Yielded locations were firstly filtered: for alyses we only used those with a good
measure of GPS accuracy according to ARGOS-cl&aGsARGOS, 2011).

Other birds were equipped with a 24-g solar pow&P&/GSM device (model Duck-
4, Ecotone Company, PL). These loggers were prageanto collect GPS fixes at hourly
intervals but only contained data of latitude amdgitude (not altitude and speed). Further, 7
adults (5 females and 2 males) were caught in Cayrdtrance, before the onset of the
breeding season in March-April 2013, using a namget laid on the nest. One additional
adult was trapped by the same method in Italy (sout Tuscany) at the end of the
reproduction. Finally, 23 juvenile ospreys (9 frdalearics islands, 8 from Corsica and 6
from lItaly) were fitted with GPS/GSM during ringiregtions before or shortly after fledging
at their respective nesting sites in June-July 20482014.

b. Tracking data processing

In order to compare migratory parameters and flggrformance across habitat types,
migratory tracks were filtered in ArcGis 9.3, digfuishing segments travelled over the sea to
those over the land. We computed analyses onlyixas qually spaced at 1 h intervals to
avoid misinterpretation in migration estimates (fEama et al, 2012). On land, we first
eliminated movements close to stopover sites atetteel those corresponding to effective
travel movements. We defined a migratory movemeiyt when locations were spaced by a
minimum of 10 km (Sergiet al, 2014), to avoid the inclusion of local movememsween
nocturnal roosts, and to exclude possible prospestior feeding places along the way.

To compare flight performance of individuals acrdee same habitat matrix, we
selected a geographic area between N25° and N43atitdde and W25° and E20° of
longitude, including the Mediterranean area fronutBern France to northern Sahara in
Morocco. Consequently, average groundspeeds (fivegfbpeeds in relation to the ground)

for adults and juveniles of both populations wesmputed for tracts over the land and at sea.
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We estimated wind-assistance by interpolating saskth the package ‘RNCEP’
(Kempet al, 2012a) using weather data from the NCEP/NCAR Rlgais project (Kalnagt
al., 1996) and the NCEP/DOE Reanalysis Il dataset #diatsu et al, 2002;

http://www.cdc.noaa.ggv For each point of the track we downloaded thé/Vest-East) and

-v (South-North) wind components, which were coredinin a single wind vector
incorporating the strength and the direction of whed, from which we obtained a tailwind
component (Kemgt al, 2012b). For tracts over land, wind data wereaetéd for a pressure
level of 925 hPa, which corresponds to an altitoidea. 750 m a.s.l., i.e. the altitude at which
ospreys have usually been measured to migrate gdaat al, 2011). For locations over the
sea a pressure level of 1000 hPa (correspondirdid@om a.s.l.) was set, corresponding to
mean flight altitudes that were recorded using ArGFPS PTT-100s). Airspeed was
calculated by subtraction of the wind vector frame track vector (track direction, ground
speed) of the bird (following Kemgt al, 2012b and Nilssoat al, 2014).

Since tagged birds showed different migration egi#s and complex movement
patterns, we first categorized these movementsdistenguished individuals as follows: a)
residents (RES): individuals that remained with®0 Zm from the nest during the whole
year, b) short-distance migrators (SDM): individutiat moved 200-500 km away from the
nest, and c) long distance migrator (LDM): indivatkithat migrated >500 km away from the
breeding site (Fig. 1).

For short and long distance migrators, the onsetutdmn and spring migration was
defined as the last day in which the bird was presg the breeding site and wintering
ground, respectively. On the other hand, the erdigfation was defined as the arrival day of
a bird at the wintering ground (for autumn migrajicor at the nesting site (for spring
migration). A stopover site was defined as an arkare a bird spent more than 24 h during
the migration period (Strandbeeg al, 2008; Limifianaet al, 2012). Pre- and postmigratory
round trips were defined as movements carried @fiorb and after migratory journeys,
towards a secondary feeding site (see below faildgtin the case of SDM individuals, we
distinguished short-distance migratory journeysminepeated pre- and postmigratory round
trips during which birds did not return to the pgoeis secondary feeding site (used also in
winter), but rather started to breed (e.g. Strarglle¢ al, 2009a). For resident birds only,
seasons were arbitrarily distinguished as: intexthreg season (from October to February)

and breeding season (from March to September).
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Figure 1: Migratory categories for Mediterranean individudRES (in red) = resident birds
(maximum movement range of 200 km from the nedDMSin orange) = birds performing
short distance movements betwwen 200 and 500 kmiyl L{in green) = long distance
migratory birds who moved more than 500 km duringgration; Two long distance
migratory ospreys who moved for > 2000 km (but €®&m) were reported as LDM* (in
blue). All Swedish birds were long distance migsafx 5000 km) and are not reported in the
graph.

c. Movement Data Analyses
For migratory periods we calculated: a) migratiomradion (days) ; b) the total

distance travelled (km), as the sum of total daistances during travel days, excluding
movements at stopover sites and both pre- and pgstiory movements (following
Strandberget al, 2008); c) the direct distance (km) between naest &intering site; d) the
average and the maximum distances (km) coveredgeand e) migration path straightness
calculated as the ratio of the total distance cedeo the straight distance between the nest
and the wintering site; f) stopover duration (dayg) preferred direction of movements
(PDM) expressed as degrees from the North, catuilaccording to the rhumb line (or

loxodrome).
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d. Statistical analyses

For autumn migration we used Generalized LinearediModels (GLMMs). We
treated as response variables: a) distances cou@reiration of the migratory journeys, c)
departure and arrival dates, d) stopover duragpmaily distances and f) straightness index,
while ‘individual’ and ‘year’ were included as rama factors. Differences were tested
considering ‘population’, ‘season’, ‘age’, and ‘sas fixed factors in the models. To compare
model fit for each response variable we adopteditkake’s Information Criterion (AIC).

For spring migration we only had 16 tracks of 1fdbiand therefore used parametric
and non-parametric tests. To avoid misinterpretatioelated to repeated journeys, we
arbitrarily selected the first migratory track pedividual. Results are reported as mean +
standard deviations.

To compare flight performances, differences in gaspeeds, tailwinds and airspeeds
were tested with GLMMs, with ‘individual’ and ‘yeamcluded as random factors, and
‘population’, ‘season’, ‘age’, and ‘habitat’ as éd factors. All statistical analyses were

conducted in R 2.15.0 (R Core Development Team).

3. # "

The entire dataset includes 70 migratory tracks6@8of which were complete): 54 in
autumn and 16 in spring, carried out by 38 indigidu(Annex 2: Additional file 1). Six adults
out of the remaining 16 tagged ospreys did not ategr while other 10 juveniles
disappeared/died during the post-fledging deperslgperiod or in the first phases of
migration (Annex 2: Additional file 2). Tracks fromore than one migratory journey were
available for 12 individuals, only adults. Ten lirdhich survived one migration cycle and
were hence tracked for more than one year, showadhafidelity by returning to the same
breeding and wintering ground during successivesydar Mediterranean birds, 14 juveniles
out of 20 died/disappeared in the first year (7@%s] whereby 40% disappeared and 30%
perished mainly due to both direct - e.g. illedaating- or indirect - e.g. electrocution, wind
turbines collision, net-trapping in fish farms -nhan threats). In nine cases transmission
stoppeddue to devices’ malfunctioning and/or data transngt failures, resulting in
migratory data being partially available. Accorditg the available parameters these
incomplete tracks were only partially included hetanalyses (e.g. we used time data of
departure or flight performance (Annex 2: Additibfie 1)).
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a. Migratory patterns: effects across populations, sexes and age-
classes

Swedish and Mediterranean ospreys showed a cl#aredt migratory behaviour.
Adults of the former group showed a homogeneousratian pattern, performing long-
distance journeys across Europe, towards sub-Sakérdering grounds mainly located in
West Africa between 7°N and 16°N latitude (latitwdielth = 9°) and 16°W and 0° longitude
(longitude width = 16°; Fig. 2a). They followed arrow migratory corridor, crossing the
Strait of Gibraltar. In clear contrast, Mediterranebirds showed a heterogeneous migratory
pattern. Six adults (46%) never migrated, occupyimgeding areas all year round. This
behaviour was observed in adults of all three pafpuis. Further, two adults (15.5%)
migrated only for short-distances (less than 500 DM category), and the remaining five
(38.5%) travelled greater distances (> 500 km; LbB&tegory; Fig. 1). Mediterranean adult
ospreys did not congregate to the same area oweenvand rather spread between 28°N and
42°N latitude (latitude width = 14°) and 12°W antE8ongitude (longitude width = 20°)
within the Mediterranean basin (e.g. Spain, Morodo&lyeria, Sardinia), usually avoiding
crossing the Sahara (except for 2 individuals #wett to southern Morocco and Mauritania)
(Fig. 2c).

In autumn, migration distances were about five srgeeater for the Swedish than for
the Mediterranean ospreys (mean distances from 5252.9 + 773.9 km and 938.7 + 656.9
km, respectively; mean distances effectively code6231.8 + 1007.7 km and 1296.5 + 740.9
km, respectively) (Tab. 1. model a.; Fig. 3a). Mateigrated shorter distances than females
(Tab. 1: model a.). This difference was more prantrfor Swedish birds (females: 6935.2 +
879.8 km; males: 5868.2 + 154.9 km) than for Medit@ean (females: 1554.1 + 584.8 km;
males: 1347.8 + 1885.9 km). Swedish ospreys treddibr more days than Mediterranean
ones (Tab. 1: model b.; Fig. 3b), and spent maone &t stopover sites (Tab. 1: model c.; Fig.
3c). Mediterranean ospreys travelled only for 52.% days and stopped occasionally (mean:
0.33 + 0.8 days) during the journey. Despite thé$kerences, timing of departures was
similar between populations in autumn (mean datefepartures: 73.5 £ 22.2 days after the
01/06; range SWE: 11/07-14/09; range MED: 24/0609/ Arrivals were significantly
different between populations (Tab. 1: model e.jhwMediterranean birds arriving at
wintering sites about 50 days before the Swedigs ¢arrivals after the 01/06: SWE = 132.9
+ 22.2 days; MED = 81.6 + 28.5) (Fig. 3d).

Average daily distances covered did not differ lestw populations (207.2 = 69.3
km/day). Along the migratory routes, the straigktevalue varied slightly between
populations (SWE = 0.85 £ 0.1; MED = 0.73 £ 0.17) sexes (males = 0.83 £ 0.3; females =

91



0.67 = 0.3), but this was not significant (Tab.ndodel g.). Finally, despite a shared mean
value around 200° from the North (i.e south-sou#st)y the preferred direction of
movements (PDM) was widely spanned for Mediterranedividuals (mean: 199.9 + 42.6°,
ranging from 94.7° to 250.78°) compared to Swedists, which showed restricted values
and low variance (mean: 207.11+ 7.01°, ranging fi®@®.8° to 219.44°; Fig. 3h). Magnitude
of variances in PDM was significatively differenetltveen populations §/=36.89; p <
0.001).

Swedish juveniles showed a broader migration fommpared to that of adults: three
individuals travelled along the same routes of &d(tia Iberia and Gibraltar), whilst four
others travelled towards south through the Meditezan (e.g. passing through Italy and
Sicily) before reaching Africa (Fig. 2b). While dtteturned to their breeding areas in spring
in Sweden, juveniles (< 2 years) mostly remainedAfrica until their sexual maturity.
Mediterranean juveniles migrated different distan@mean: 721.74 £ 202.7 km; combining
birds of SDM and LDM categories) and towards défdrdirections (e.g. Spain, Morocco,
Algeria, Italy; Fig. 2d). No differences were fouhdtween adults and juveniles in migration
distance (Tab. 1: models al.-a2.), duration of atign and stopover (Tab. 1: models bl.-b2.-
cl.-c2.) and timing of departures (Tab. 1: modgl However, adults travelled 33% faster
than juveniles (Tab. 1. model fl.): this differente age was prominent especially for
Mediterranean birds, with adults travelling for 26& 107.9 km/day vs only 176.4 + 48.7
km/day for juveniles (Fig. 3e). Further, adults/gthed straighter than juveniles (0.87 = 0.1 vs
0.69 = 0.1) (Fig. 3f; Tab. 1: model gl1.). PDM vdrieetween age classes{E 0.205; p =
0.00039), especially in the Mediterranean poputatihere the variance for juveniles (£
48.2) was twice than that for adults (= 26.9).

In spring, comparisons were possible only for aduBignificative differences between
populations were found for migration distantg € 5.46,p = 0.01), durationt(s= 5.82,p <
0.001) and time spent at stopover sites (Mann-Végit-Test: U = 0.0; p = 0.04).
Interestingly, departures §= 2.356,p = 0.046) and arrivalg = 4.623,p = 0.002) were also
different (Fig. 3g). Swedish adult ospreys left i®hmg grounds one month after the
Mediterranean ones (SWE: 49.3 = 19.8 days afted)Iange: 04/03-10/05; MED: 20.3 +
16.3 days after 01/02, range: 06/02-25/03). Mexditezan birds arrived about 50 days before
at breeding sites than Swedish ones (SWE: 76.7.2: MED: 26 + 19.01 days after 01/02).
No significant differences between populations wierend in the daily distances travelled (
g= -1.20,p = 0.264; mean = 258 + 55 km/day) and for straigbsnvaluest(s= 0.36,p =
0.722).
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Figure 2: Migratory journeys of Western Palearctic ospreyiridividuals from Sweden (5

adults, top left, 8 juveniles, top right panel) wnng in sub-Saharan Africa. Four Corsican
adults migrated (LDM) crossing the Mediterraneara $®d reaching wintering grounds
located in southern Spain (2) and Morocco (2) (déefihpanel: solid and dotted lines for fall
and spring migration, respectively). Exceptionallyynale from Balearics #B5M migrated to
Mauritania in 2009, but was resident next yearst @lwowed). Short-distance migration
journeys (SDM) were recorded for two Corsican bindsch moved to Sardinia to spend the
winter. Such movements spaced less than 300 km thhemest and required only one or two

days of flight. 15 Mediterranean juveniles migraiedlifferent locations (down right panel).
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Figure 3: Migration parameters between populations, sexesaged inautumn:

a) migration distance, b) duration of migrationstgpover duration, d) departures
and arrivals, e) daily distances and f) straighgnadex. In spring: (g) departures
and arrivals. Preferred direction of movements (Budtween populations and

ages (h) is also showed.
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Table 1: Effects of population, sex and age on autumn nogyatomponents of Swedish and

Mediterranean migratory ospreys.
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b. Flight performances across habitat types: effect s in populations

and age classes

Within the considered region (between N25°-45° afitide and W25°-E20° of
longitude), the average groundspeed of migratingeys was similar between populations
and seasons (mean: 31.6 + 11.8 kiy.but significatively differed in relation to tHeabitat.
Groundspeed was in average 10 Kindreater during sea-crossing tracts compared t lan
(Fig. 4a). However, GLMM returned additive factdos each of the three variables (Tab. 2:
model a.). In general, both populations experienedldiinds that were of analogous speed
and directions in both habitats, but wind assistam@s lower during spring (Fig. 4b).

Mediterranean birds benefitted from highly favoueatailwinds in autumn (Tab. 2: model
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b.), but often travelled with headwinds in sprieggdecially on land; Fig. 4b). Airspeeds were
generally greater for sea-crossing tracts in batpufations and similar in seasons, with
except for Mediterranean birds in spring that fl@aster despite the presence of headwinds
(Fig. 4c; Tab. 2: model c.).

Comparative data for looking at age classes weadadle only for autumn migration
journeys. No differences in groundspeeds were thtelsetween Mediterranean adults and
Swedish adults and juveniles, but smaller valueevassociated to Mediterranean juveniles
(Fig. 4d; Tab. 2: model d.). Mediterranean juvengxperienced worse tailwinds, in contrast
to Swedish juveniles who benefitted from better dvassistance (Fig. 4e; Tab. 2: model e.),

and had slower airspeeds at sea (only 4 km/h diffe; Fig. 4f; Tab. 2: model f.).
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Figure 4: Flight parameters (groundspeed, tailwind and aedpebetween seasons,

populations and habitats (panels a, b, c; whitegaegt bars represent respectively tracts over
land and at sea; Mediterranean population is inelichy skewed lines on bars; bars with no
lines are for Swedish population); and between [agfmns, habitats and ages (panels d, e, f;
white and grey bars represent adults and juvendsgectively, tracts over land are indicated

by horizontal lines on bars).
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Table 2: Results of model selection of GLMM on teffects of population, season, habitat
and age on flight performances (groundspeed, tailveind airspeed, all expressed in ki.h

of migrating ospreys crossing the Mediterraneaioreg
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c. Pre- and post-migratory movements

Before the autumn migration 90% of Mediterraneamtadboth SDM and LDM individuals)
performed pre-migratory trips. These movementsveemed to reach a distant feeding site
(mean: 103.02 = 65.41 km) where birds spent a bigriaumber of days (range: 5-60 days;
mean = 23.2 + 22.6) before returning to the nestitey (pre-migratory round trips; Fig. 5);
they differed in both distance and duration frone foraging trips performed during the
breeding season. In the same way, we observed tegpgaost-migratory round trips
performed by 3 MED adults after the spring mignataind before the onset of the breeding
season, to the same secondary feeding site. Tlati@luof these staying ranged between one

and two weeks. Only for a SDM male, two post-mignatround trips were recorded during
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the winter season: it came back to visit the bregdite in Corsica from Sardinia (239 km).
On the contrary, we did not observe round tripeugh distant secondary feeding sites in
winter, despite one exceptional exploration. Ina3es, autumn migration started from the
secondary feeding site. One Corsican bird movest tiir a northern secondary feeding site in
Tuscany (Massaciuccoli Lake; where it remained betwMay and July) then travelled south

to Sardinia.

Figure 5: a) example of loop-migration of a Mediterraneanliaduring a complete migratory
cicle: in red the autumn migration, in orange thergy migration; b) zoom of Corsica Island:
in green the movements during the breeding seastmnayellow and pink the pre-migratory

and post-migratory movements, respectively.

d. Loop migration

Only two out of the adult birds which migrated frddorsica performed a loop-migration,
taking different routes in autumn (crossing the Nexdanean Sea directly from Corsica to
reach Spain) and spring (crossing Spain over land thhe Pyrenees, then reaching Corsica
from the Continental French shores; Fig. 2 dowhpahel and Fig. 5); in these cases, spring
journey caused a detour of 93.07 km and 2 daysi\enaase and of 298.9 and 5 days in the
second one. The Balearic bird wintering to Maurdan 2009-2010 (and then being resident
in Mallorca during successive years; B5M) also iedrrout a loop-migration across the

Sahara desert.
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e. Resident individuals

Six Mediterranean adults did not migrate at all gapdix 2; but see exception of BSM). They
were hence considered as resident individuals (RiERjuenting inland sites for feeding, but
also regularly moved to the coast where nests wesent. Such movements were regular
during the year as nesting and feeding sites wétrenaa distance of about 10-20 km in line
of sight. In the Balearics, the wetland of Albuferad Ses Salines, respectively on the north
and on the south of Mallorca Island, representedihin feeding areas frequented. Only two
exceptional exploratory movements (of 65 and 77rkspectively) to Menorca Island were
recorded for 2 males during spring 2009 and 20&&pectively. The former bird stayed
principally in Cabrera Island (15 km from Ses Sedirsite). Similarly, a Corsican female and
an lItalian male stayed all year round along thesto@shing in marine coves and in the
Ombrone River mouth (Maremma Regional Park, Ita3pectively.

30

a. Migratory strategies over a latitudinal divide

Our cross-population comparison validated our fivetking hypothesis that ospreys
living at different latitudes in the Western Patg&r migrate in different ways. Such
contrasting migratory strategies probably evolved aaresponse to different ecological
conditions over the latitudinal divide (Cressweél14). These results are in line with the
general pattern of a gradual increase in the ptapoof long-distance migrants in breeding
species and populations when going towards the laigfudes (e.g. Newton & Dale, 1996;
Newton, 2010).

Specifically, all Swedish ospreys showed a homoges®ehaviour to cope with long-
distance journeys, combining fly-and-forage andp<siger migratory phases (sensu
Strandberg & Alerstam, 2007; Klaassenal, 2008). In contrast to previous studies (e.g.
Strandberget al, 2009b, using Argos PTT and not precised GPS $jadur tracking data
also pinpointed strong funnelling of adult migrgtomovements towards the Strait of
Gibraltar (Fig. 2). Swedish ospreys showed a lowawnge in the PDM, which was constant
among individuals; probably because the migratargction is genetically inherited and
scheduled for long-distances paths and favourethéyghange of evident cues at land across
very different regions (e.g. continental Europe difesranean Sea, Sahara desert).

On the other hand, the Mediterranean populationvedoa heterogeneous migratory
behaviour, typical of a partially migratory popudet (sensu Chapmaet al, 2011; Shaw &
Levin, 2011) with 38.5% of individuals which migeatlong distances >500 km, while 15.5%
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carrying out short-distance displacements fromhieding areas and 46% being sedentary.
High levels of variability in the choice of migrayoroutes (and preferred direction of
movements), timing and wintering grounds, revealedore relaxed system and consequently
a higher plasticity in behaviour (facultative migte sensu Newton, 2012), probably
promoted by a low variability of the ecological dmions during the year in the
Mediterranean region.

However, contrary to our specific predictions, werfd that: 1) Swedish ospreys did
not anticipate dates of departures and 2) theydiccover greater distances/day compared to
Mediterranean ospreys, to account for longer degtanigrations. In autumn, at the end of the
reproduction, individuals of both popualtions ldfteeding sites almost simoultaneously
(synchronous departures). Conversely, in springdislieospreys left wintering grounds one
month after (March-April) the Mediterranean ospréysbruary). Indeed it is certainly useless
for Swedish birds to start migrating so early, sinaividuals would arrive too early in spring
and they would encounter severe weather and emmgotal constrains (e.g. low
temperatures and frozen lakes) at breeding sitkernatively, they could start migration in
February and travel at slower speeds to arriveeagbod time at breeding sites. However we
did not observe that, maybe because it is safstay one additional month at wintering site
than to spend more time in migration, and rathéydgéme of departures. Migration is indeed
a risky period as shown by Klaassennal. (2014); then flight conditions in temperate and
northern Europe are certainly better for soaringramts later in spring than at the end of the
winter. At the same time, arriving too late may lynpeduced possibilities to choose best
territories for reproduction, already occupied hlyep conspecifics. Both these factors might
shape migratory choices and affect flight perforogan especially in spring, when adults are
likely to select an early return for reproductidBe(thold, 2001; Alerstanet al, 2006).
Indeed, spring migration was not just the simpleersal of autumn migration: autumn
journeys lasted twice (60.6 + 17.3 days) than gpanes (27.4 + 7.0 days). Time spent on
stop-over sites accounted for the half of the am@irmigration duration (31.5 + 13.3 days on
average), whereas it represented only 20% of the 8pent during the springtime journey
(5.4 = 3.4 days). That way, Swedish ospreys redulcediming component of the spring
migration rather than modify routes and mean dcs#artravelled per day (that did not differ
significatively between seasons).

Different migratory strategies were also recordetlorth American ospreys, whereby
birds coming from different populations across agitudinal gradient (east coast, mid-
western and western USA) were studied (Marlbal, 2014). American ospreys followed

different flyways and adapted their journeys (dates of departures and arrivals, time spent
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at stopovers) according to the season. The geoigriguation of the breeding areas has been
proved to influence migratory patterns and wintgiwcations (Martelet al, 2001; Martellet
al., 2014; Washburet al, 2014).

Overall, a leap-frog migration system (Alerstam &dstedt, 1980; Boland, 1990) was
hence detected in Western Palearctic ospreys, pagiulations breeding at higher latitude
crossing over the latitudes where southern ospapulations exist. Ospreys of northern
latitudes migrated across entire Europe, over-fiyine Mediterranean population to winter
beyond them in sub-Saharan tropical Africa, thugergng their latitudinal sequence of
distribution between summer and winter. As has ladesady postulated for other bird species
(e.g. Drent & Piersma, 1990; Kelbt al, 2002), this system suggests that northern ospreys
migrating over southern Europe, probably find sal@éavintering habitats with good feeding
opportunities that are already occupied by theirditégranean conspecifics, so they are
forced to avoid these latitudes and search forrateve vacant sites, more southward. That
way, they encounter the desert barrier necessamots before reaching wintering grounds in
sub-Saharan Africa.

b. Flight performance at barrier crossing

Birds can use different methods to cope with thessing of ecological barriers. Since
crossing barriers requires high energy consumptio, to harsh conditions or absence of
feeding and resting opportunities over long distésn@rior physiological adaptations are of
great relevance, such as shrinkage of body organ®duce weight and fuel storage at
stopover sites (e.g. Red kn@Galidris canutus Piersma & van Gils, 2010). When migration
starts with the need to cross a barrier, differetnditegies can be adopted, with specific
physiological or behavioural adjustments. Thats ¢tse of populations leaving on the edge
of ecological barriers, such as those breeding arnina islands. The tendency to avoid the
crossing of large water bodies is well known irgiasoaring bird such as storks and raptors
which rely on thermals generated only over landindurthe daylight (Kerlinger, 1989;
Strandberget al, 2008; Chevallieret al, 2010). Flapping flight is an energy demanding
activity for protracted time, so that to accomplalong sea-crossing birds need to rely on a
good tailwind. In many cases, unfavourable condgiof the habitat matrix surrounding the
breeding range of a species lead individuals meftaileave, promoting sedentary behaviour
(Ferreret al, 2011). That way risks related to migrations ar@ded. However, in other cases
migration is mandatory as the only solution to facth seasonal changes in food supply and

weather conditions.
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Osprey is classed among soaring migrants and éxpected to select convenient
migratory routes favouring the avoidance of wat@ssing (Alerstanet al, 2006). In line
with this assumption, GPS tracking revealed thatrjeys of Swedish ospreys were mainly
conducted over lands, whereas the water-crossirgy reduced by funnelling through the
shortest passages both in the Baltic and MediteararSea (Klaasseet al, 2008). The
crossing of the 14 km of the Gibraltar Strait regdionly about two hours flying. Swedish
ospreys faced with the passage of this ecologiaaidy travelling at a greater speed than on
land to ensure a rapid crossing of the barrier d$&net al, 2008 and this study). They
probably searched for thermals generated at lawth (ln Spain and Morocco) to start
crossing over the 14-km wide sea channel, as destin other species in this area (e.g.
Griffon VulturesGyps fulvusBildsteinet al, 2009).

Unexpectedly, Mediterranean ospreys were able verclmng distances at open sea,
performing non-stop long movements (since they ocaland at sea like seabirds), sometimes
overnight. They rarely carried out long detourddwing the coasts, as observed in other
raptor species relying on thermals (e.g. Short-teagleCircaetus gallicus Mellone et al,
2011; Panucciet al, 2012; Oriental honey-buzzar&@grnis ptilorhyncusYamaguchiet al,
2008). By leaving breeding grounds (mostly locabedislands) individuals were forced to
cope with the crossing of the Mediterranean Seaciwlvas supposed to play the role of an
ecological barrier. Before leaving, most of the iwdlals performed pre-migratory
movements to a secondary feeding site. This bebawi@s also observed in other raptor
species (e.g. Marsh harri@ircus aeroginosuysStrandberget al, 2008) and birds living in
close contact with sea environments (Lesser blackdd gullLarus fuscusKlaasseret al,
2012). Time spent in these sites ranged betweendtews to several weeks and visits were
repeated several times before the onset of migrafibe function of such movements might
be probably related to the necessity to store lbedgrves before crossing the barrier and/or to
gather information on the surroundings before clmgpshe right direction at the onset of
migratory movements.

Secondly, to be able to face with the crossing rofatl water tracts in absence of
thermals, Mediterranean ospreys probably adoptedixed strategy: they used an active
flight, as suggested by higher airspeeds than mh (@ven when encountered headwinds, like
in spring) and they partially benefited of the udetailwinds. In autumn Mediterranean
ospreys crossed the sea (Fig. 2a-2b), but in spgviegindividuals preferred to travel over
land, reducing oversea passages at specific dpatach cases, we recorded a loop-migration
system probably dictated by adverse weather camditin spring (as described for Oriental
honey-buzzard$?ernis ptilorhyncus Yamaguchiet al, 2011). We in fact detected lower
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tailwinds assistance during spring. Though, thiategy was not strictly adopted by all the
individuals (FOSP02 and FOSP08 used same routastinseasons). In one case (FOSP06) a
bird preferred a detoured route by land (passimgutih Spain and southern France), rather
crossing the sea as it did in the previous autumn.

These results showed that the migratory behaviduvlediterranean ospreys is highly
flexible and can be adapted to local circumstanSase distances to reach wintering sites are
short and a little amount of time is required, indiuals can choose to invest part of their
energies to cross the sea in case of favourabldsyotherwise select a safer route over land.
In general, Mediterranean ospreys flew faster nmgpto return to breeding grounds, even in
case of headwinds. Considering a short migratiogly can probably decide to concentrate
efforts in flying at sea for a reduced time, alé@®nergetically demanding. Swedish birds
instead, which must engage in a longer migratioobably did not choose to venture at sea or
against unfavourable winds but rather to wait fettdr conditions (they rather diminish time

at stopover to accelerate the return to breedieg)si

c. Differences between age classes

The development of migratory behaviour is a gradwalcess being promoted by
individual improvements related to age (Semgfi@l, 2014). Previous studies highlighted how
differences in age classes and experience playngortant role in shaping migratory
decisions and flight performances (Thomipal, 2013; Cresswell, 2014; Péron & Grémillet,
2013; Sergioet al, 2014). Accordingly, we found that adults travéllfaster and showed
straighter migratory paths than juveniles. Theelakttad also a greater variance in the PDM.
As we hypothesized, this suggests that in juvemmagating for the first time and searching
for a place to settle for the winter is more a fatcrandom combination of factors. On the
other hand adults can rely on the experience néiarprevious years to reach a precise goal.
This would accounts also for the high mortalityer470%) recorded for juveniles. Similar
differences between adults and juveniles were @bserved in flight performances during the
sea-crossing: juveniles showed reduced speeds cedthfiaadults (i.e. Swedish) and seemed
to experience worse tailwinds (i.e. Mediterraneavigditerranean juveniles in particular,
were probably affected by the fact that their fimg movements after fledging entail an
immediate sea-crossing (compared with Swedish jlaewho started migration in a suitable
habitat over land). In general, worse flight penfances in juveniles appeared to be related to
a limited experience in getting thermals (on lama);choosing favourable wind currents or in

compensating for eventual drifts (Klaasstral, 2011).
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The strategy adopted by southern ospreys includeraleadvantages in terms of energy and
risks saving that should account for a higher adutvival and a greater breeding success,
compared to long distances migratory populations.

Mediterranean ospreys migrating for reduced digdrave minor energy expenditures
related to the journey. At the same time, remairglgge to breeding sites allows a faster
return to nests for an early start of the breedegson, which contributes in increasing
chances of a good settlement (favourable siteshagelling success. Mediterranean ospreys,
in fact, have potentially one additional month, pamed to Swedish ospreys, to be dedicated
at the reproduction (e.g. for choosing a territang a mate, building the nest, ecc.).
Klaassenet al. (2014) demonstrated how hazardous might be penfgriong distance
migratory journeys in different raptor species niiiying the causes of death encountered on
the way. They explained how such threats have apoitant role in controlling the
demographic trends of populations, in turn reflegtihe health of the population and its fate.
In this sense, avoiding the crossing of large egiold barriers such as the Sahara desert has
obvious benefits (to ensure a rapid crossing fligjeds are higher when crossing desert;
Klaassenet al, 2008; Melloneet al, 2012). Hazards might occur also in sub-Saharan
wintering grounds where poaching and illegal shaptis a still widely diffused practice
(Zwartset al, 2009). Despite all this, residing in the Mediggrean basin is not completely
safe neither. The Mediterranean is known to bengportant crossroad for migratory birds,
were illegal shooting and killing of protected sjescis still high (see cases of mortality
described in results). The Mediterranean ospreywlatipn experienced important historical
decreases and nowadays shows few breeding nudbawacterized by a limited number of
reproductive pairs (Monti, 2012). These populatitves in a fragmented habitat at sea, which
is highly exploited by humans; available nestintgssiare scarce compared to habitats of
northern Europe, where continuous forests provideergially unlimited opportunities for
nesting (Saurola, 2005). In this area, reintrodurcpprograms have been launched by using
source populations from north and central Europari@let al, 2010; CIBIO, 2011; except
in Italy; Monti et al, 2014): translocating migratory birds from soumepulations with
different migratory strategies (or even residentyhh have ecological consequences and
promote new behaviours in newly established pojuiat as described in other studies on
birds (e.g. Little Bustardetrax tetrax Villers et al, 2010). For these reasons, understanding
variation in population and individual level of magory patterns is of fundamental
importance to prepare management actions and ¢edreonservation strategies in migratory
bird populations (Nathaet al, 2008; Mandeét al, 2011).
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4

To infer wintering ecology in Mediterranean ospréyandion haliaetuswe relied on a dual
and complementary approach, using both GPS trackimd) multi stable isotope tracer
approaches. A control sample of feathers from @8viduals (mostly chicks) was collected
over a large latitudinal gradient (from LaplandAfrica) to assess the variability of carbon,
nitrogen and sulphur stable isotope ratio$’@, ,*°N and ,>*S, respectively) between
breeding sites and habitat types across the WeBtgearctic. Then,**C, , N and, **S from

an experimental set of 18 Mediterranean adults vesw@mined to infer wintering ground
locations and habitat types used during the inteeding period. Additionally, 12 adult
ospreys were fitted with GPS devices and trackethdunigration and the wintering season.
By combining the two techniques we evidenced aglartigratory population with 41.7% of
tagged individuals being resident and 58.3% thatadly migrated. Ospreys spent the winter
at temperate latitudes and showed a high plastinitigabitat selection. They made use of
marine bays, coastal lagoons/marshland and inleeghivater sites. Movements and home
range areas were reduced during the season. Wigitgrounds were largely spread over the
coasts of different countries of the basin, ratiiian concentrated in one single area. Such
behavioural plasticity in the choice of locatiordamabitat type suggests the implementing of
broad-scale approaches for the protection of ingporiareas for ospreys in winter. To

contribute at assuring a right level of conservatiof the osprey populations in the
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Mediterranean basin, a harmonization of the managémprotocols of wetland sites among

countries is necessary.

Keywords: featherisotope ratios, raptor, foraging ecology, habitatice, wintering grounds.

4
Animal population dynamics are dependent on a seasfeprocesses which occur during
different periods of the annual cycle (Newton, 20030 study migratory birds, it is therefore
mandatory to understand the ecology of the spetieach biological phase (e.g. breeding,
migration and wintering). Assessing migratory caringty (individuals from the same
breeding site that migrate to the s&a - Websteret al! "##"- & et al,
2014) is becoming an important factor to understao@ population processes may affect
breeding success, influencing survival and reprobdagHolmes, 2007Drent et al! "##.-
Trierweileret al, 2014). For decades, bird migratory connectivayg been studied by means
of ring-recovery data (Bailliet al, 2009). Despite the huge amount of knowledge gathe
with the use of ringing, implicit limitations of #h tool (e.g. low probability of recovery
resulting in overall low sample size and - Guillemainet al, 2013) did
not allow to determine in detail ecological traittated to each life periods, especially when
birds were distributed over large and low-populatgdas in winter. Recent advances in
technology and chemistry provided tools for gatigrprecious information on individual
movements and connectivity between breeding, wirdesind stopover sites (Webstdral,
2002). Satellite (GPS) tracking revealed wintergrgunds and migratory routes (tracks)
followed to get there from the breeding areas (Mew2010). Stable isotopes analyses (SIA),
collected from feathers or other tissues, allowather determination of habitat use and diet
in seasons during the tissue growth (Hobson, 1B8§ht et al, 2014). Such information are
of fundamental importance to plan adequate managemeasures at the right scale of
resolution, especially for isolated populationsnig/in fragmented habitats.

In this framework, the osprégandion haliaetudvreeding in the Mediterranean area is
a case of particular interest. It is a migratorgcpiorous raptor that lives in strict association
with aquatic environments for fishing and acconiptig its life cycle (Cramp & Simmons,
1980). In the Western Mediterranean area, the brggubpulation is fragmented in 4 main
breeding sites (Corsica, Balearics, Morocco andeA#g located on islands and marine
coasts, and is considered at a vulnerable statusiéMet al! "#/#- (! "#/"- Monti et al,
2014). While the migratory and wintering strategi®sprey breeding in North Amrica and
Northern Europe have been studied (Marelal! "#/0- 1 2 et al, 2014 Alerstamet
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al., 2006), these aspects remain poorly known forMieeliterranean basin (Thibawdt al,
2001). In the last decades, sporadic data abouemmg areas across the Mediterranean basin
(e.g. North African coasts, Italy) have been caéldcby means of ring recovery (Thibaatt

al., 1996). Some ospreys were regularly observed vimgteclose to the breeding territories
(J.-M. Dominici and R. Triay, unpublished data),iltothers were detected hundreds of km
away at different sites withir2 ( 2 3 /44" -2

et all /445- 2 et al, 2001). Moreover, information about habitat setectnd detailed
movement patterns during winter remains blurre@éyventing a full understanding of year
round ecology of this population.

In this study, we aimed at understanding movememtsl feeding areas of
Mediterranean ospreys during winter by a dual amdpgementary approach. We used GPS
technology to track Ospreys’ movements from thesthireg grounds to the wintering sites.
However, the expensive costs of GPS devices limitedsample size available. To infer
wintering areas for a larger sample of individuals, used in addition stable isotope analysis
(SIA), analysing the carbon, nitrogen and sulphable isotope ratios ¥°C, , *°N and, s,
respectively). Once feathers are formed, their amsitipn does not change, but integrates the
elements ingested through the diet during the grgvaeriod 6 ! /444- 7 et al,
2009). This technigue has the advantage to be momsive (using osprey feathers collected
during ringing actions), relatively cheap and imtgiye of diet studies (Hobson, 1999).
Because Ospreys moult their body and flight featherwinter (Prevost, 1983), we expect
that the isotopic chemical composition of the feashdepends on the isotopic chemical
composition of the habitat used in winter. Therefatifferences in fraction of stable isotopes
present in feathers would help determining if indials wintered at different latitudes and
foraged in different habitats (Bearhepal! /444- Bearhop, 2008).

By combining these two techniques, we aimed atmeding the proportion of
sedentary and migratory osprey breeding in the Medinean area. To achieve this goal, we
needed to answer to the following questions: a)tAeze differences in stable isotope ratios
of osprey feathers between breeding sites andaidpjes (from European Arctic to tropical
Africa)? b) Do ospreys use one or several winteangas during winter? Answering these
two questions is compulsory to validate the us&iét for the other following ones. ¢) Do
Mediterranean ospreys spend the winter at trogiceémperate (Mediterranean) latitudes? d)
Do they use freshwater or marine environments duwimter? For these last two questions,
the GPS tracks of a few individuals, whose feathegge also sampled for stable isotopes,

serve as a calibration for a study on a larger $amifpindividuals using SIA. Our integrative
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analyses will have important implications for plampn management actions and the
conservation of ospreys in the Mediterranean area.

4+ #m o #(

a. Osprey moult scheme

Osprey has an irregular moult sequence of the pyirfemthers which occurs in successive
waves(Fig. 1), each starting at primary 1 and moving outwardprimary 10 (descendant)
(Prevost, 1983). If interrupted in one seasorgsumes the next year from the points where it
let off: in one wing, there can be primary feathesulted across two, or even 3 years. Moult
of the secondaries progresses towards the bodgndant) and is completed after 17-19
months (Cramp & Simmons, 1980). Moult mainly occdrem June-July to August-
September and from October-November to FebruaryeMaresulting in an interruption
during migratory periods (Prevost, 1983). Duringdating, males are provisioning the nest.
Thus males are forced to postpone moult until thé ef the breeding season, whereas
females can start moulting flight feathers whileubating (Hakest al, 2001).
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Figure 1: a) Osprey’s moult scheme (figure extracted from: Ps&vb982); b) image showing
fresh and old primaries according to moult patt@mm at the tip of fresh moulted feathers
were collected (red dotted lines); c) moult pattshowed by grey arrows (descendent for
primaries and ascendant for secondaries) and pbgynolf ospreys and moult periods during
the year:. a feather moulted during breeding se&9rwill appear partially used at time
(when birds return at breeding sites) and thus moll selected for sampling; conversely a
feather moulted in wintertZ) will appear as newly formed (darker colour anddeo more
regular) at timer and thus selected for sampling (black star). Sraalbw represents the

feather status during time.
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b. Feather sampling

A total of 244 feather samples were collected fr@@nindividuals from 11 locations
throughout the Western Palearctic and West Afndaereby four main areas were included:
a)ynorthandc 8 - % ( - %9 -tropical Islands and d)
sub-Saharan Africa (Tab. 1, Fig. 2). Such approea$ designed to havebatter resolution of
the isotopic variation in osprey feathers overtéudinal gradient and between different types
of habitat (e.g. freshwater vs saltwaté®8ampling included both control and experimental
manipulations. Chick’s feathers, collected duriigging actions at the nest in summer, were
used as control because they reflected the isotsigicature of the environment around
breeding sites and allowed us to obtain baseliotoes values in a strict marine or
freshwater environment. Hence, we sampled bodyhéeatof 30 chicks coming from

8 )); '8 I< Co- ) ) %! &2
nest close to freshwater and chicks are fed watigmohaline fish species (Poole, 1989). We
also sampled the body feathers of 29 chicks frostsncated in the Mediterranean basin
(Tab. 1), where ospreys nest on rocky pinnacleseat feeding their chicks with euryaline
species (Francour & Thibault, 1998 hibault et al, 2001). To achieve a higHevel of
resolutionfor the Mediterranean basin, chicks from threeregpopulations breeding at sea
were collected (Corsica, Morocco and Balearicsnid$d. We also added samples from ltaly,
where ospreys have been reintroduced, breed imstaianarsh (Montet al, 2014) and can
feed on marine, brackish or freshwater fishes. \'ge acluded additional samples from
chicks of Atlantic islands (Canary and Cape Velands) in order to gather other marine
isotopic signatures from southern latitudes to bemared with those of the Mediterranean
area.Finally, we added samples from West Africa (Setjegsed as wintering ground from
northern European ospreys (Alerstatral! "##5- 2 1"#lI% . We also collected 2
cm of vexillum at the tip of primaries (actively oited) from 2 specimens of adult osprey
belonging to the collection of the IRD (Institut ¢k Recherche et du Développement of

i %- 2 & & 2 & o their moulting
feathers should reflect the isotopic signature witeving grounds in West Africa. To increase
our sample size at this latitude, we added 6 saygfl@ surrogate raptor species, the African
fish eagleHaliaeetus vociferwhich is known to be sedentary all year round smtiave a
similar ecological niche to the osprey in winterhiiffleld & Blaber, 19783 ! /4$"%)

Finally, for inferring whether adults’ breeding i@orsica had wintering grounds
different from breeding areas we sampled 18 adipreys trapped in March 2012 and 2013
on their nests in Corsica, before the onset oftitreeding season. From these birds, only

recently-moulted feathers (identified as such anlihsis of darker colour and border more
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Figure 2: Maps with location of a) sampled feathers (blacksdand numbers that refer to
countries are reported in Tab. 1) and b) wintegraunds of GPS tagged ospreys (black stars;
see Tab. 2).
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Table 1: Region, country and age of osprey feathers sanmautesss Western Palearctic. For
each stable isotope is reported the number of ssmnded. *six out of the eight samples
concerned adult individuals of African fish eadtaliaeetus vocifer Values in brackets

indicate the number of countries (see Fig. 2).

Region Country Habitat Age Bc BN s
Finland (1) Freshwater chicks 10 10 1
Estonia (2) Freshwater chicks 4 4 1
Latvia (3) Freshwater chicks 5 5 1
Continental Europe France cont. (4) Freshwater chicks 11 11 3
? adults 18 18 18
Corsica (5) Saltwater chicks 12 12 5
Balearic Islands (6) Saltwater chicks 7 7 1
Morocco (7) Saltwater chicks 7 7 2
Mediterranean Italy (8) Brackish chicks 3 3 3
Canary Islands (9) Saltwater chicks 4 4 3
Subtropical Atlantic adults 7 7 2
islands Cape Verde Islands (10) Saltwater chicks 2 2 0
West Africa Senegal (11) Saltwater adults* 8 8 8
Total 98 98 48

c. Stable isotope analyses

We run preliminary analyses on 15 individuals (I&maries / 15 secondaries) to assess
whether isotopic signatures of C and N vary intrefato the type of feather (e.g. body
feather, primaries, secondaries; Zelardtoal, 2011). We used stable isotopes of Carbon
(, 3C), Nitrogen (**N) and Sulphur ,?*S) ratios to compare the signature of feathers of
Corsican adults ospreys with the signature foundfeiathers from control birds from
temperate to tropical latitudeShe ,**C and, N of primary producers vary predictably

among ocean basins. High-latitude pelagic ecosystesnobserved in the Southern Ocean

have much lower'*C and, *N than at lower latitudes ' ; ! /440- et al,
144%- 9 I"##l-2 6 , 2007) We included also the**S isotope that
is an efficient tool to discriminate between cobstad marine habitat$s ! /444-
Caccamiseet all "###-? 7 2 "###-< et al, 2003)

C, N, S isotopic ratios are good indicators of fim@aging ecology patterns (Hobson,
1999). More specifically, we expect th&'C, , >N and, S** values in feathers to be potential

proxies 1) to investigate latitudinal variatifiRelly et al, 2002)and locate ospreys wintering
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d. Statistical analysis

Statistical analyses were performed with the Rwsarié (package adeByray et al, 2007) We
used One-way ANOVA to examine effects of sites lmeé isotopes ratios. We started from

the null hypothesis that isotopic ratios in feash@f Corsican adult ospreys were not
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significantly different from those of Corsican dksc(supporting a residency hypothesis).
Even if we tested for differences in the mean, main interest was in the variance between
age classes because if a portion of the populasionigratory, the range of isotopic values
would increase the variance of that populatidfe used Student-Fischer test of equality of
variance to compare values of Corsican adult ospagyg Corsican chicks and then, because
the variance were not equal, we compared meansanhuskall-Wallis test. Relationships
between three isotopes variations were assessed pigicewise regression. Correlation was
shown by Pearson correlation test. Isotopic sigeataf adults from Corsica have been linked
to chicks’ signature and so to different habita@nks to discriminant analysis by reassigning

each adult to a chicks sample batch.

e. Tagging and tracking

Wintering ecology was studied in 12 adult ospresamf the Mediterranean population,
including five birds from Balearic Islands (39180 3°00E) and seven from the Corsica
(42°06N, 9°07’E) (Tab. 2). Since three birds weeeked for more than 2 consecutive years,
our dataset was composed of a total of 16 complatéering events (Tab. 2). Five adults
were trapped during the winter season in the Altauferetland site (Mallorca Island,
Balearics), using a perch-trap triggered with agentontrol. These birds were fitted with 30-
gr Solar Argos/GPS PTT-100s (Microwave Telemetiy,I©€olumbia, USA). Further 7 adults
(5 females and 2 males) were caught in Corsicapderabefore the onset of the breeding
season in March-April 2013, using a noose carpdtda the nest. These individuals were
equipped with a 24-g solar powered GPS/GSM dewvicedél Duck-4, Ecotone Company,
PL). All tags were programmed to collect data atirhintervals during the whole winter
season. For migratory birds, the wintering seasas defined as the period between the
arrival on the wintering grounds, after the postdaling migration, and the onset of the next
pre-breeding migration (Strandbeeg al! "##$- ( et al, 2012). For resident birds,
winter was considered as spanning from Octobereiordary, according to the biology of
2 3 !/4%4- Triay, 2007). Locations were retrieved in geographi
coordinates and converted to UTM coordinates usiragsoftware ArcGis 9.3, for metric
calculations. To map the wintering areas in deved,estimated the individuals’ home ranges
(95% fixed kernel) and core areas (50% fixed kgrokkvery wintering event through fixed
kernel density contours (sensu Worton, 1989), usiregHawth’s tool Extension (Hooge &
Eichenlaub, 2000). Since osprey is strictly asgedi@o the presence of water bodies to catch
fish (Cramp & Simmons, 1980), habitat type compositduring winter concerned only

aquatic environments. In order to ascertain watelids composition of wintering areas, we
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considered these areas as marine waters, brackithiscor freshwater. Then, we calculated
the percentage of every habitat type within theeameas for each one of the 16 wintering

events separately.

a. Differences in isotopic ratios between breeding sites in Western
Palearctic

As no significant differences imsotopic signaturesof C and N between feather types
(primaries vs secondaries) were found (Wilcoxomsdjrank test: N: p = 0.4; C: p = 0 .24),
we used both primary and secondary feathers foraaatyses. Values of the three isotopes
found in chicks’ feathers were highly different Wween breeding sites across the Western
Palearctic (*°C: o= 64.49, p <0.001;"N: t;o = 6.61, p <0.001;%S: t,, = 56.86, p <0.001;
samples from Senegal included). In particuld?C values, and to a lesser extent values of
,%'S, were high in African and Mediterranean areasjlewthey dropped sharply in
Continental Europe (Fig. 3). No pattern was notiedor , *°N (, *°N: tyo = 6.61,p <0.00},
which varied greatly from one site to another anthiw each site regardless of its latitude
(Fig. 3).

Values of, °C and, **S of marine environment were significantly gredksm those of
brackish and freshwater habitat$’C: t,= 205.59, p <0.001;*N: t, = 10.79, p <0.001; **S:
t, = 141.11, p <0.001; Fig. 4). Values,dfC and, >N were strictly correlated to those 0f'S
(,1°C: p <0.001, T= 0.77,,™N: p <0.001, T = -0.72). A relationship between habitat type

(marine vs freshwater) and isotope values was wvbder
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Table 2: Winter home ranges (fixed kernel 95%), core aréiasd kernel 50%) and mean cumulative distancedaily movements of Mediterranean
adult ospreys. Arrivals, departures and time spagys) at wintering sites is reported for migratogividuals. For resident birds, the winter perioab
been considered between October and February (sds). Locality and place of wintering grounds geported as well as the percentage of habitat
type of core areas for each of the wintering eviéhstands for tagging reference of each bird.

D Br;?;rg Winter ,zr:t\;al Dedp:tr;ure elllprzgd Z:)erg ';%rgzs I?le:iin;; v(\/:iglzir::yg Place Ma:;lne Salt\éz)ater Fresk;z)vater
(days) (km?) (km*) (km)
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b. Corsican ospreys wintering grounds
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c. Movements and habitat selection

All the 12 experimental birds tracked with GPS gptdre winter at temperate latitudes,
avoiding crossing the Sahara desert (apart from iwdividuals that went to southern
( ( - )"% . 41.7% of tagged individuals were residents (Sviddals)
and 58.3% (9 individuals) migrated (Tab. 2). Th&y dot concentrate in the same area for
winter. The wintering grounds were located betw@&iIN and 42°N latitude within the
Mediterranean basin (e.g. Spain, Morocco, Algesiardinia-Corsica complex, Balearics and
Italy). Exploratory movements were only occasiofgat). FOSP03 moved for ca. 50 km and
2 ' & %- basically ospreys tended to make use of the saes®e ar
throughout the whole winter. Daily movements wegstnicted (mean = 13.23 £ 6.6 km per
day) and home ranges were very small during wiftiere area = 7.23 + 4.5 KnP

=59.9 + 42.9 kit ab 2). Home range and core areas sizes did net diéftween resident

and migratory birds (Mann-Whitney U-T 2 JF/M F#HB!@ F /-

areas: U = 14, p = 0.57, N = 12). Migratory ospregent about six months (mean: 178.3 +
B5). '@F. )% & -nuptial migration. A high site-
fidelity was shown by the 3 b & ) "%- 2

used the same areas that they had frequented iprédwous years (mean overlap home
ranges: 58.9 /B)/- B)AP™4-@F" %The only exception was for

bird (BAL5M), which wintered in the delta of the r&gal River (Mauritania) in 2009, but

was resident in Balearic Islands in 2010. Intenggyi birds resident in Mallorca Island,

partially shared home ranges and core areas, ngsitie same sites during winter (e.qg.
Albufera marsh).

Individuals used marine and coastal saltwater htbis well as freshwater sites in
both coastal and inland areas (e.g. bays and ¢westars, river mouths, marshes, dams and
artificial ponds), demonstrating no specific prefezes for one of the habitats considered.
Inter-individual plasticity in habitat choice wasgh since 16.7% of the birds used only
marine coastal habitats, 25% only freshwater sata$ 25% used brackish habitats such as
marshland or coastal lagoons. The remaining 331/84uénted different habitats during the
same season, so being opportunistic and eatingduwstaline and stenhoaline species (Tab. 1
& 2).
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a. Residency/migratory hypothesis

We performed a multi-isotopic analysis (includinyee specific isotope markers:
Carbon, Nitrogen and Sulphur) to determine theojsiat ratios and improve resolution in
assessing osprey wintering ecology. First, ttadle isotope ratios of osprey chicks’ feathers
varied greatly between different breeding sitesrdhe latitudinal gradient in the Western
Palearctic. Such variation was concomitant to oBffé values recorded also in relation to the
habitat type. Marked differences in isotopic rat&®wed us to make a clear distinction for
chicks that were fed at freshwater, brackish orimeaenvironments over the latitudinal
gradient. Results were concordant with the ecolofypsprey populations: we found that
northern populations which live in strict asso@atwith freshwater habitats showed values of
, 1%C between -29.8 and -22.1 %o and, &S between 0.0 and +6%, while , *C values were
between -19.3 and -13% and, 'S between +13.4 and +184 for populations of marine
environments at mean latitudes of the Mediterranaad Atlantic islands. Accordingly,
intermediate values were found for samples from tWddaca (Senegal) collected in a
brackish water systenThese trends were fundamental to test our residbgpethesis of
Corsican adult ospreys and to compare isotopiogaif their feathers with those of Corsican
chicks fed in a marine habitat in the Mediterranean

New insights from both SIA and GPS tracking reveaepartial migratory population
(sensuChapmaret al, 2011), with part of the sampled individuals tsabwed a resident
behaviour and others that migrated.

This plasticity in migratory and wintering strategiwas already hypothesized on the
basis of ring-resightings of Corsican birds retngnto different places of the Mediterranean
basin (Thibaultet al, 1996). This Mediterranean population behaveseradfifferently than
those breeding in continental Europe, in whichralividuals migrate to West Africa (Prevost,
14$"- 9 et al, 2006). Even if it was impossible to determineatlyathe latitude of
each wintering area, stable isotopes analysis ledghat the majority of Corsican ospreys
overwinter in a habitat different than the breedirapitat (marine environment in Corsica).
Only 33% of Corsican adults showed similar isotopignature than Corsican chicks,
suggesting at least the presence of few residerntss population. Such resident behaviour in
the Mediterranean osprey population was confirme®BS tracking (41.7% of tagged birds).
The remaining individuals showing different isotopalues had most likely spent the winter
in different habitats such as brackish and fresawsites, located away from Corsica. Such
sites are rare in Corsica and rarely if ever useddpreys in winter. There are indeed very

few records of Ospreys wintering in wetland inlagitiés in Corsica (Thibault al, 1996).
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Furthermore, low variances ift°C and in, **S within each breeding site suggested that the
source of organic matter in the food web was sinida all sampled chicks (e.g. marine prey
during breeding season). This is in accordance thigtstrict piscivorous feeding habits of the
species and the limited movement recorded duriegbtieeding period (Monti, unpublished
data). In Cape Verde, where we sampled both segesdalts and chicks, values found in the
former were substantially equivalent to those foumdchicks, even if sampling was not
sufficient to realize statistical tests £ 7 adults;, *3C mean =/A)/5 P /)/* -, >N mean =
12.46 + 0.55 and chickg" - , *3C mean =/5)/A P #)A5- , N mean = 11.53 + 0.63). The
absence of a significant difference in isotopicosbetween adults and chicks of Cape Verde
islands confirms a resident behaviour of the adaftghis population, already suspected
(Poole, 1989). Further tracking studies should &@ied out on this population to check for

such preliminary outcomes (low sample size to hessically tested) from SIA.

b. Tool limitations: SIA vs GPS tracking

Although largely used as good indicator of geogmapirigins in birds(Hobson,
2005) we did not make use of deuterium isotope becati$egh possibilities that a mixed
diet made by both marine and freshwater prey m#yence deuterium ratios and create a
bias, as already evidenced in other studies (eog.dt al, 2003). At the same timspme
intrinsic limitations of stable isotopes methodglqgevented us to discern the exact latitude
of wintering grounds from values of carbon in thpecific case 2 was
correlated to the latitude of the sampling site aisb to the habitat used for fishing. For
instances, both Carbon and Sulphur values for ssrfpym Senegal were equivalent to those
recorded for Italy: in both these regions ospragskamown to fish mostly in brackish water
habitats (or to regularly shift from marine to dsh water to freshwater). The osprey is a
specialized raptor in catching fish living near tater surface, but its diet can rely on
different fish species according to the season thedlocation, so that it may result in an
opportunistic feeding behaviour (Cramp & ! /4$#- 3 | /4$4- ;

Thibault, 1996). Thus the overall large variancenid in C and N ratios may be due to a high
plasticity in latitude and trophic level selectighoth herbivorous and carnivorous fish
species).

If on the one hand GPS tracking allowed to exautbntify migratory routes and
location of wintering grounds of tagged ospreydvieg issues with intrinsic limitations of
SIA), on the other hand it did not provide informatabout trophic level and shifts in diet
composition (especially in saltwater habitats whberth stenhoaline and euryaline fish

species can be present). Then, further constraostlyndue to the expensive price of these
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devices which limited the sample size, made thécehaf stable isotopic methodology a valid

integrative solution in this case.

c. Behavioural plasticity in winter

Our osprey tracked in winter mostly used tempeaagas, but using different habitat
types (from marine bays to marshlands and/or fragfwsites). If from one side a high inter-
individual plasticity was detected within the Medtiitanean population, on the other hand
each individual tended to use only one site (or)tduring the winter. This general lack of
mobility in winter supported our assumptions footggpes analyses. Once arrived at the
wintering ground, birds rarely moved around, bilthea exploited a small area associated to a
specific water body. This behaviour can suggesttrategy aiming at reducing energy
consumption and minimize efforts in movements astirig activities during this season.
This accounts for the strict values of C, N and&ntl in some of the individuals that were
faithful to the same spot, feeding on local avddapecies.

Mediterranean ospreys did not show preferencesafepecific habitat type during
winter. In our opinion, the choice of the winteriggound for adult birds was much more
related to the experience an individual matureprevious years (adults returning to sites that
assured survival during previous winters) and pbbpaa matter of fate for juveniles
migrating for the first time (that decide to settlbere they find good fishing opportunities).
However our dataset of juveniles tracked in wingestill too limited in time to confirm these
hypotheses: none of the juvenile birds trackedes2@13 have reached sexual maturity yet.
Similar findings on adults were recorded for Noktherican ospreys (Washbuet al, 2014).
Beyond their origins (birds from 5 different poptid@s/regions were studied), North
American ospreys spent ca. 5-6 months at tropatalitles for wintering, using a diversity of
o 2 2 - 2 winter period they also
moved infrequently, showing limited home-ranges ande areas (12.7 Kmand 1.4 km
respectively). These results show how the winteeoglogy of this raptor can be surprisingly
similar though across different continents andaegiwithin the wide distributional range.

Indeed, ospreys tend to be opportunistic, adapgtieg behaviour in function of the
location and water bodies availability, with fisgiopportunities possibly being the most
important requirement selected. This study proved the integration of multiple SIA and
tracking techniques was useful to overcome thengitr limits of each method and achieve

greater information of ecological aspects of thpytation under study.
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d. Implications for conservation

The behavioural plasticity of Mediterranean osprieythe choice of location and habitat
type does not require the securing of a single &taging site (e.g. like in some species of
waders such as the red ki@dlidris canutusRogerset al, 2010). However, osprey wintering
grounds lie in one of the most exploited marineirmments (i.e. the Mediterranean Sea)
where intense human activities occur, including tleelaim of coastal habitats (e.g.
marshland) into productive lands for building. ImetMediterranean region, habitat loss
and fragmentation are severely affecting coastdaweds (Tomasellet al, 2012), ultimately
influencing the population dynamics of many birdsariated to such environments (e.qg.
Greater flamingo,Phoenicopterus roseusBechet & Johnson, 2008). This suggests the
implementing of broad-scale approaches for theegtmn of wintering areas for ospreys. To
contribute at assuring a right level of conservatiof the osprey populations in the
Mediterranean basin, a harmonization of the manageprotocols of wetland sites among
countries is necessary.
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At a global scale, Biodiversity hotspots(areas with the most important level of
biodiversity) are also the most threatened regiivistermeier et al, 1999; Myerset al,
2000). The Mediterranean basin is considered aobtiese hotspots for its richness in term
of species (often endemic) and ecosystems (Méd&ju&zel, 1999). Unfortunately, current
threats are especially hitting such habitats amuljations that show features of endemism,
that are isolated and/or small and that have fesgipdities of rescue, being unable to recover
themselves in a natural time span.

In this framework, of notable interest is the cakthe Osprey in the Mediterranean
basin. While it is a relatively common species in fresiter ecosystems of northern Europe
and other places in the world (North America, A#iastralia), the Mediterranean population
is particular, being tightly linked to marine hatg. With less than 80 breeding pairs
distributed within Corsica, Balearics, Morocco aAtheria, the Mediterranean osprey’s
population has suffered important demographic ds@e and currently shows traits of
weakness and instabilities in a long time span.

Generally, conservation strategies aim at protgatixisting populations in their own
habitat (in-situ conservation plans) and/or atgraéing ex-situ conservation plans, when
needed, by creating new wild populations away fritrair native habitat; Gipps, 1991,
Bowles & Whelan, 1996). An increase in number aré sf the threatened populations can
reduce the risk of extinction both at the local ghabal scale (Primack, 2000).

Here local examples of conservation managementapprfor osprey are presented

for three different sites of the Mediterranean basi

Case study | and II: Corsica and Morocco

Mediterranean Sea represents one of the most &gbloiarine environments, where
intense commercial and touristic activities prodaoatinuous disturbances that are affecting
the biological diversity at different scales (Cloaret al, 2000; Lloret & Planes, 2003). In
order to achieve the aims of conservation and nmemagt of coastal and marine habitats a
network of terrestrial and marine reserves has lestablished. Altought reserves are widely
accepted as an effective tool for species condenjahe extraction of some natural resources
and/or the human disturbance to wildlife is stidbuadant and it is seriously affecting
biodiversity whithin each level (Waret al, 2001). These kinds of threats are discussed for

the osprey populations of Corsica and Morocco, whbhuman disturbance seems to
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jeopardise these vulnerable breeding nucleus. Sousdu management actions should be
adopted at these sites for safeguarding speciesispence in the future.

Case lll: Italy
In the background of conservation actions, reintobidns programmes represent the

ultimate to re-establish species or populationthéplaces where they disappeared and from
which the past causes of extinction are known dingireated (Griffith et al, 1989; Seddoet

al., 2007). Any reintroduction programme is considesadcessful when the new population
becomes self-sustaining (Schaeb al, 2009), satisfying simultaneously the following
conditions: (1) the population had to reach a gatadhility or an evident increase during time;
(2) human operations are no more necessary; (3ppleeies/population has recovered its
former genetic diversity and expresses meta-papulaynamics (when dispersal and genetic
flow with other populations occurred). Generalliag treintroduced populations that have
successfully reached their carrying capacity ansehwith the highest and more stable growth
rates (Robertet al, 2015). These characteristics would be well stmagct in any wild
population, especially for those that, being sraall/or isolated, risk entering in an extinction
vortex due to the inbreeding depression, to theialademographic trends, to environment
stochasticity and/or catastrophes, at any time It 2009). Then, reintroductions must be
considered within a more integrated approach thatksv at different resolution scales
(population, metapopulation and ecosystem leveimgtrong & Seddon, 2008). In fact,
starting from the population level, pre- and padeéase management affect post-release
survival and dispersal of translocated individualfjmately influencing their successful
establishment and a possible persistence duringatay time span. Hence, both positive and
stable trend of a population can directly leadibe regulated by metapopulation dynamics
and by several ecosystem factors (Armstrong & Sedd008). That's true especially for the
first phases of population establishment. Herepbrt results from the osprey reintroduction
project in central Italy, paying attention to esibe apparent survival rate of translocated
individuals and describe patterns of initial digadr Finally, as important milestone of the

reintroduction program, first breeding occurrenicage been reported.
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Disturbance of charismatic wildlife by eco-touridtas become a major concern in the last
decades. In the Mediterranean, sea-based touridmetated recreational activities increased
rapidly, especially within marine protected areRd?As) hosting emblematic biodiversity.
Here we investigated the impact of the Scandola M@érsica, Western Mediterranean) on
the population of a conservation flagship, the @gptandion haliaetusOver the 37-years
study tourists flow increased rapidly. Osprey bnegdperformance initially increased, but
then dropped for pairs nesting within the MPA conepgato those breeding elsewhere in
Corsica. Recent osprey breeding failures in theruwesare not caused by food scarcity, since
98 underwater transects and GPS-tracking of nieeding adults which we conducted in
2012-2013 showed that fish consumed by ospreys wenee numerous inside the MPA.
Further, we performed focal observation at nest20h3 and 2014, which revealed that the
overall number of boat passages and of boat appesawithin <250 m from osprey nests
were significantly higher within the MPA than incantrol area. Further observations at
osprey nests conducted across 2012-2014 demouistitzde boat traffic modified osprey
time-budgets significantly, by decreasing the numidfeprey items brought to the nest by
males, and increasing time spent alarming and dlyoff the nest by females. Finally,
corticosterone levels in chick feathers from Scdmdeere 3 times higher than in places with
lower tourist flow in Corsica, the Balearic Islaraisd Italy. This strongly suggests high stress
levels in chick within the Scandola MPA. Overalljrointegrative assessment combining
raptor demography, movement ecology, behaviouralogy, with fish and boat surveys

clearly demonstrates the impact of the Scandola MRAhe Corsican osprey population.
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This case study stresses the worldwide importamaggorously implementing sustainable

ecotourism.

Keywords: corticosterone, human-wildlife conflict, flagship species, osprejarine

Protected Area, nautical traffic, population dynesniGPS tracking, fish census.

7
There is a wide consensus upon the importanceodégied areas for preserving biodiversity
(Primack, 2000; Fraser & Bernatchez, 2001). Thegaasion of conservation units is often
motivated by the protection of rare flagship spgciehich is an efficient way to gain support
from the public and to attract funding. Such chragass often ecologically justified (Sergab

al., 2006), whereby large predators serve as umisphkaies allowing the conservation of
entire communities (Crooks & Sanjayan, 2006). Yeterves also attract ecotourists, which
may become a threat for local biodiversity, inchglthe flagship species they are interested
to observe in the wild (Tapper, 2006). This is ¢thse for grizzly beandrsus arctosn North
America (e.g. Hood & Parker, 2001), Amur tig&anthera tigris altaican Russia(Kerley et

al., 2002) and Imperial Eaglégjuila aldalbertiin Spain (Gonzaleet al, 2006).

In the marine environment, marine protected arel®A) are an essential
conservation tool (Leenhard#t al, 2013); more than 6500 MPAs have already been
implemented worldwide, and countries of the Europé&mion are planning to establish
marine protected areas over 10% of their natioreterg by 2020 (Lubchencst al, 2003;
McCook et al, 2010; Velando & Munilla, 2011). MPAs proved to éfficient tools for the
preservation of benthic communities (Selig & Bru@6;10) and of the pelagic realm and its
associated top-predators (Pichegtual, 2010; Aburto-Oropezat al, 2011; Péroret al,
2013). Similarly to terrestrial reserves, MPAs deing marketed for eco-tourism, and
therefore tend to attract more visitors than ‘utgcted’ areas. This leads to a potential direct
disturbance by recreational activities, which himeen already reported for populations of
fish (e.g. Braccialet al, 2012), seabirds (McClungt al, 2004; Velando & Munilla, 2011),
marine mammals (Hodgson & Marsh, 2007; Vermeuwgteal, 2012), sea turtles (Hazed al,
2007) and related marine habitats (e.g. Lletedl, 2008).

Herein, we present an integrative study of the ichpé touristic-associated activities
on the Scandola MPA and its emblematic raptor,QepreyPandion haliaetusThe Osprey
is a flagship species for conservation across litslevdistributional range. It is often seen as
a symbol of nature comeback, saved from extinctiluve to DDT usage and direct
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persecution by means of successful direct managemetions and reintroductions
programmes (Ames, 1966; Martell al, 2002; Dennis & Dixon, 2001). In North America
and Europe, regional socio-economic marketing esgias (e.g. ecotourism) are often tightly
linked to the presence of ospreys (e.g. Loch GaetehRutland Water in UK; Mackritt

al., 2013). They also serve as boundary objesteguStar & Griesemer, 1989) enhancing
the awareness of the public, and that of policy engkwith respect to environmental issues.
This is very much the case in the Mediterranearoregvhere the presence of ospreys is rare
but essential e.g. to facilitate the establishmeamd adequate management of reserves in
Morocco (Al Hoceima National Park), Italy (Maremniegional Park), Spain (embalse
Guadalcacin, Barbate reservoir in Andalucia), amdnEe (Scandola reserve, Corsica)
(Monti, 2012; Montiet al, 2013; 2014).

In the Mediterranean, the osprey is the only raptdirely dependent on the marine
environment across its life cycle, as it feeds esiwkly on live, epipelagic fish. Ospreys
mainly nest on rocky pinnacles in sea-cliffs, aghes between 5-30 m (Cramp & Simmons,
1980). The island of Corsica currently hosts thegdat osprey population in the
Mediterranean, with a breeding nucleus of ca. 3Dsp@87.5% of the entire estimated
Mediterranean population; Morgt al, 2012). At the beginning of the 20th century 4@-10
breeding pairs occupied most of the Corsican doastbut in 1974 this population had
shrunk to three pairs, mainly due to direct persena (Thibaultet al, 2001; Thibault &
Bretagnolle, 2001). In 1975, the Natural ReserveSoéndola, a marine and terrestrial
protected area located along the northwestern ad&orsica (Fig. 1b) was created with the
main objective to protect the last breeding pairsspreys (Thibaulét al, 2001). The osprey
population then gradually recovered, and it is @oitlly present along most of the west coast
of the island (Bretagnollet al, 2008). However, population growth rate startedidishing
since the 1990s, and breeding success seemed linedéom 2000 (Bretagnollet al,
2008).

In this study, we aimed at understanding to whatrexthe management of the MPA
of Scandola affected the Corsican osprey populatiod tested two competing hypotheses:
(1) the reserve, since its creation, had a positigielence on osprey population dynamics. In
particular, we postulated that the establishmentthef reserve might have played an
important role in producing multiple indirect bemefsuch as: a) better protection of birds
because of reduced human disturbance; and b) grieastd availability in terms of fish
abundance, fostered by the fishing ban within #serve. As an alternative hypothesis, we
postulated that (2) the Scandola MPA generatedtiaddl constrains, due to sea-based
tourism and recreational activities, called fortbg existence of the MPA, unique landscape
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features and the presence of emblematic ospreyhisitontext, our specific goals were: a)
to reconstruct historical trends of the sea-basaddm expansion in Corsica and to connect
it with historical osprey population trends anddali@g parameters, in areas of either intense
or low boat traffic; b) to quantify marine traffigithin the Scandola MPA during summer
(the highly sensitive chick-rearing period for a=sgs); ¢) to quantify the abundance of prey
(sub-surface coastal fish) along the Corsican caadtd) to assess the effect of boat traffic
on osprey adult behaviour and chick corticosteterels (following Bortolottiet al, 2008).
Our integrative analyses have important implicatiofor MPA design and

management, and the conservation of Mediterranigaliviersity.

7+ #om#(

a. Study area

This study was conducted along the 250 km of thet weast of Corsica (France), from Cape
Corse in the North, to Ajaccio in the South, whtre entire Corsican osprey population is
known to breed (Thibaukt al, 2001; Fig. 1a). The study area includes the SuandlPA
(42° 358N, 8° 560’E), which is both a terrestréadd a marine protected area of ca. 2,000 ha
and, since 1983, a UNESCO World Heritage Site (Hij. Due to its rugged terrain Scandola
is almost exclusively visited by sea, with ca. 300, visitors concentrated between June and
August (Richez & Richez Battesti, 2007; Tavern910). This sea-based tourism increased
rapidly during the last decades, along with thaltoumber of visitors to the whole island
(Fig. 2). Fishing within the reserve is limited 2@ professional local fishermen, but no limit
is set upon the number of visiting vessels: ca. B0&t passages occurs each day between
June and August (Morvan, 2010); approaching thettina for visiting geologic formations,

marine caves and osprey nests, is a common prdctideaultet al, 2001).
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Figure 1: a) position of the 24 transects spread along tbst woast of Corsica (transects
were determined according to the position of ospeeytories); b) zoom on the two areas of
the Scandola Reserve and of the Revellata areaufeal in grey); for each area land-based
vantage-points are reported as: R1, R2, S1 andth&Bpurs and main touristic boat circuits
are also included, according to: Richez & Riche#tddi, 2007; Tavernier, 2010); c) structure
of the transect for fish video recording from a &&ayd) simplified view of the water column

recorded by the camera attached to the bow ofdlakk

b. Historical osprey population dynamics

The Corsican osprey population has been monitonece s1977 (Thibaultet al, 2011,
Bretagnolleet al, 2008). Available historical breeding data useddor analyses covered a
37-years period (1977 to 2014). For each nestasite each year the following parameters
were recorded: number of eggs laid, number of éggshed and number of chicks fledged.
From these, we calculated an annual breeding ssidgesing fledged/eggs laid), hatching
success (young hatched/eggs laid) and fledgingesscyoung fledged/eggs hatched). Nests
were grouped (1) with respect to their positiondefutside of the Scandola MPA and 2)
regarding their vicinity to touristic boat circuit$Ve considered the time variable as the
number of years elapsed after the reserve’s creatid975 (variable “time_since_reserve”).
Since Bretagnolleet al. (2008) found density-dependent processes in brgeplarameters
occurring after 1990, we also analysed processkseband after this threshold year. We
fitted generalized linear mixed-effect models (GLEMusing the above cited breeding
parameters as response variables. The binary l@ari@b“out of the reserve” or 1="inside
reserve”) and “time_since_reserve” (or alternagivtbe threshold of 1990) were used as fixed

factors. Nest and “time_since reserve” were alsduded as random effects, to avoid
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pseudoreplication at the level of territories, @ndaccount for between-year variation. A
Poisson error distribution was set for discretegaties such as number of eggs laid, young
hatched and fledged, while the binomial error istiion was fixed for hatching, fledging
and breeding success. We used AICc values to cempedel fit; all modelling was
conducted in R 2.15.0 (R Core Development Team)edsnstated, all average values are

given with standard deviation.

a. Feeding areas of breeders

Foraging home ranges of 9 breeding adult ospreysd2s and 7 females) were determined
by GPS tracking (see details in chapter 2 of tlesiff). Birds were trapped at nests before the
beginning of the breeding season (early March 2&i® 2013) and fitted with a GPS/GSM
tag (Duck-4 model, ECOTONE, Poland, 35 x 55 x 15,n2% g ~ 1.5% of body mass).
Devices recorded one fix every 30 minutes acrossetitire breeding season (March-July).
Since parental care and nest attendance is perdobydoth parents during incubation and
chick rearing (Poole, 1989), we defined as failurmay abrupt abandonment of the nesting
site. In case of breeding failure, atypical rangmgvements performed by birds were
excluded from home range analyses. Thus, home samgee calculated only during breeding
attempts. We wused a fixed Kkernel density estima(@orton, 1989), under
the Hawth's Tool extension as implemented in Arc®i8.3.2 (Hooge & Eichenlaub 2000;
www.esri.com), and the Animal Movement Extensioratculate 95% foraging home ranges
(UD95%) and 50% core foraging areas (UD50%).

b. Prey distribution and accessibility

We assessed prey availability to ospreys at 24 bibsting osprey nests along the west coast
of Corsica (Fig. 1a). Eight sites were located imitthe Scandola MPA, while the remaining
16 sites were located outside the MPA. Surveys wertormed twice for each site, i.e. a total
of 48 transects per year. The monitoring protoca$ wepeated in 2012 and 2013, yielding a
total of 96 transects.

The subsurface area (0-2m depth), which corresptmdie osprey feeding horizon,
was filmed with a HD-Hero 2 GoPro camera (USA) @it below the bow of a kayak, set
with a wide angle of 170° to scan a field of appmetely 3 m left/right. Transects were
composed by 4 stretches of 100 m parallel to tlasttioe, set 20, 40, 60 and 80 m away from
the shoreline (Fig. 1c-1d). Each transect was @cerded on a GPS, which allowed the
paddler to maintain headings and speed (ca. 5 RmIransects were performed during the
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osprey breeding season (in June and July), duraydjgiht and on calm days, to optimize
viewing conditions and mimic osprey foraging coimis (as ospreys do not hunt at sea when
conditions are harsh; F. Monti unpublished resulg® also used a Secchi disc to control
water turbidity and to ascertain good visibilitynclitions before each transect.

Video recordings were inspected by two differentspas to minimize errors in fish
species identification and counting. Each fish wdentified following Louisy & Trainito
(2010). Since objects appear 4/3 larger in watan th the air (Kinney, 1985; Ross & Nawaz,
2003), we performed preliminary tests using fishdels of different sizes to calibrate fish
sizes estimates. To further limit such errors, wedJfive size classes (1 = <10 cm; 2 = 10-20
cm; 3 = 20-30 cm; 4 = 30-40 cm; 5 = > 40 cm). Toneste biomass from underwater length
observations we used the following formula: W 2,alvhereW is mass in gramg; is the
standard length in centimetres anmdndb areconstants, following (Ricker, 1973; 1975) and
Morey et al. (2003). For each transect we calculated the foligyparameters: a) total number
of fish per transect; b) total fish biomass (g)nalehe transect; c) density index (total number
of fish per m transect); and d) the total numbefighf >20 cm per transect. For data analyses
all parameters were log+1 transformed to accountnfrmality; sites were ranked as 0
(outside reserve) and 1 (inside reserve). We usatergl linear models (GLM) to test
between-year effects (2012 vs 2013). We then raNKlincluding 'year and ‘transect’ as
random effects and log of biomass, log of numbeffisti and log of density index as

dependent variables.

c. Tourism and boat traffic

The number of tourist shuttles operating within fhretected area of Scandola and their
transport capacity in terms of passengers incre&eed only 3 ships transporting ca. 200
persons per day in 1977 to 32 ships transportin@,280 persons per day in 2010 (Richez &
Richez Battesti, 2007; Tavernier, 2010). Howevatadwere not available for each year
during the study period. Therefore, we extractedtttal annual number of tourists visiting
Corsica (by airline or ferry companies) between@t2814 using data from the Observatoire
régional des transports de la Corse (www.ortc.ifig; 2). A strong positive correlation was
found between the annual number of tourists vigit@orsica and the number of shuttles
working within Scandola (Spearman rank correlatioRiz) = 0.963, p <0.001; Fig. 2).
Accordingly, we used the total annual number ofitts visiting Corsica as a proxy for the
annual and daily tourist inflow into the Scandol&M

We carried out two further censuses in 2013 andl2bil2013 we assessed the at-sea

distribution and frequency of boat passages withereserve, as well as boat distance to the
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shore (a = 0-250 m; b > 250 m), since under 250sprays are systematically disturbed by
approaching boats (Bretagnolle & Thibault, 1993yoTland-based vantage-points, located at
the northern and southern limits of the reserveevused to monitor boat entrances and exits.
The same observations were performed within a obrarea (Revellata) with a similar
density of osprey nests located outside of therves®oth of these areas are located between
two harbours from which tourist boats depart (Rig). Two observers worked simultaneously
in each area between 9:00-17:00 during 4 obsenval&ys (two days during the second half
of June and two during the first half of July 2018Ye selected this period because it
corresponds to osprey chick-rearing, during whigstudbance is critical in this species
(Poole, 1989), and in birds in general (e.g. Lesgle¢ al, 2000; McClunget al, 2004;
Gonzalezet al, 2006; Martinez-Abraiet al, 2010). In 2014 the number of boat passages at
osprey nests was recorded while studying the behawaf breeding pairs (see details below).
In this case, distance categories considered fat passages were a) 0-100 m and b) 100-250

m, to focus on boats that were more likely to distospreys.
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Figure 2: a) historical trends of total annual numbers aifrigis (millions) visiting Corsica
during 1986-2012 (black dots; data extracted frdmtp://www.ortc.info) and of the

transport capacity of tourist shuttles operatingthe Scandola MPAs (open dots; data
extracted from Richez & Richez Battesti, 2007; Taiex, 2010); b) linear regression
between annual estimates of number of touristsarsiCa and transport capacity of tourist

shuttles operating in the reserve.

d. Behavioural observations

Between 2012 and 2014, focal observations at ospests were carried out from vantage-

points located at a minimum distance of 300 m faooupied nests. Each nest was monitored

at least once from 6:00 to 20:00 and, when possit¢eperformed 2 or 3 full-day repetitions.
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Behaviour of the focal animal was observed withoburdars, and a 60x telescope to confirm
specific behavioural events (e.g. successful fgghichick feeding). Following standard
criteria for osprey behaviour classification (Biggtalle & Thibault, 1993), we considered the
following variables: a) time spent by the pair & nest, and alternatively away from it, as a
proxy for parental care (e.g. McCluergal, 2004); b) number of prey items brought per hour;
c) total amount of time alarming for an approachmogt. We also recorded the occurrence of
alarm calls and of flights triggered by boat passagVe ran a Friedman test (for k related
samples) to test whether daily differences in behavoccurred for nests monitored for more
than one day during the same year. For each balraVigariable, we tested if birds from a
nest being placed along tourist shuttle circuitaweld differently than birds nesting in low
traffic sites; the binary variable 0="low traffidr 1="high traffic” was used as fixed factor in
GLMMs.

e. Stress level of chicks

Since corticosterone in feathers is stable ovee tand indicates the overall exposure of the
individual to this hormone over a time of days arekks (Bortolottet al, 2009), we sampled
body feathers of osprey chicks to have indicatiai@s of corticosterone levels, and hence of
stress during the chick-rearing period. Followihg previous classification for tourism and
boat traffic (see methods), we distinguished saspbtiected at nests in high (n = 4) and low
(n = 5) traffic areas. As a control, we also indddsamples from undisturbed chicks from
Italy (n = 4) and the Balearic islands (n = 5).

Feathers were stored in paper envelopes beforeysasal during which we extracted
corticosterone following Bortolottet al. (2008). Before removing the calamus we measured
the length of the feather. Feathers were thenntatpieces < 5 mfand placed in 16 x 100
mm glass tubes. Three glass beads and 10 ml métfdiRbC grade) were added and the
tubes were placed into an ultrasonic waterbatf86min and then at 50° C overnight. The
methanol mixture was filtered through filter pagg#aiced on a glass funnel. The methanol
extracts were collected in extraction tubes placed 50° C waterbath until dry. Feather
extracts were then redissolved in 200ul steroidtidih of the ICN 1*radioimmunoassay kit
(Cat. #07-120102; ICN Biomedicals/MP Biomedicalse|ldd, Ohio; USA) for measurements.
We followed the protocol of the company with mochiiions as described in Washbetral.
(2002): the volume of all reagents was halved;dihgtion of the samples was performed at
1:50 instead of 1:200. The standard curve was dgteby 2 points.
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a. Historical trends in population and breeding par ameters

We analysed a total of 745 nest-data occurrencessa@ 37-years period (from 1977 to
2014). The Corsican osprey population increasewh 8o a maximum of 34 breeding pairs
(in 2011). Numbers of pairs and chicks fledged a#f as reproductive parameters (hatching,
fledging and breeding success) varied substantaty time (Fig. 3).

We found no significant differences in the averagenber of eggs laid per nest (2.84
+ 0.39) for pairs breeding inside or outside theeree (Appendix 3: Additional file 1; Fig.
4a). Conversely, a significant decrease in theamenumber of eggs hatched was recorded in
the reserve (Appendix 3: Additional file 1; Fig.)4Burther, the number of chicks fledgdid
not change over time for territories outside theere&while a strong reduction occurred
inside the reserve (Appendix 3: Additional file dytside the reserve = 1.36 + 0.51 chicks
fledged; inside the reserve = 1.21 + 0.73 chickddkd; Fig. 4c). Similarly, hatching success
decreased in the reserve and increased outsideeakserve with time (Fig. 4d). Fledging
success showed a general decrease over time iic€ass a whole (both inside and outside
the reserve; outside the reserve = 0.67 + 0.20(lanthe reserve = 0.65 £ 0.27), but the
decline was stronger inside the reserve (Fig. Bienlly, breeding success decreased strongly
over time for pairs breeding in the reserve, comgdo those nesting outside (outside of the
reserve = 0.50 + 0.19; inside of the reserve = &.823; Fig. 4f). When testing for a density
dependent effect (using 1990 as a threshold yedir)breeding parameters significantly
declined after 1990 (Appendix 3: Additional file. Irinally, annual trends for breeding
success (outside/inside the reserve) were significacorrelated to the annual number of

visitors to Corsica (Fig. 5).
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respectively, and solid lines) and inside the nesdblack triangles and dots, respectively,
and dotted lines); b) hatching (dashed line), fiegg(dotted line) and breeding success

(solid line) in the whole Corsica, over time.

Figure 4: Historical trend in Corsican osprey breeding patansewithin the Scandola
MPA (black dots and solid line) and outside ofwihite dots and dotted line): a) number of
eggs laid; b) number of eggs hatched; c) numbeahadks fledged; d) hatching success; e)
fledging success (dashed line for the whole Coysaca f) breeding success. Dots represent
raw data and lines estimates of the selected niomtal GLMM (see Annex 3: Additional file
1).
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Figure 5: Linear regressions
between breeding success inside
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Home ranges and feeding areas of breeding osprey s

Home ranges estimated during the breeding seasoveshthat feeding areas of adult ospreys

were concentrated along the coast (Fig. 6; AppeldiAdditional file 2). Ospreys never

ventured offshore to fish (median distance fromabast = 0.012 km, range: 0-3.2 km), but

rather remained in the surroundings of the nessings, fishing in marine coves. Mean

individual foraging home range was 64.05 + 59.54 amd mean core feeding area 5.5 + 3.57

km?. Exploratory foraging trips were performed by @sfr along rivers when sea conditions

were exceptionally harsh for an extended period. (&).
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Figure 6: Foraging home ranges
95%) and core

foraging areas (fixed kernel at 50%)

(fixed kernel at

with darker and lighter colours
respectively: each colour represents
one of the 9 adult ospreys monitored

during the breeding season in Corsica.
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C. Prey distribution and accessibility

Fish biomass, fish numbers and density followedaasSian distribution after a logarithmic
transformation (Shapiro-Wilk normality test: Log d&ilass, W=0.94 p<0.0001; Log_Number
of fish, W=0.96 p<0.0001; Log_Density Index, W=0%€0.0001). There were no significant
differences between 2012 and 2013 for the threanpaters: Log_Biomass (GLM:1 b3
=0.426, p=0.515), Log_Number of fish (GLM: &=0.0, p=0.991), Log_Density Index
(GLM: F1951.17, p=0.281). We therefore pooled data acrosssy@ur models showed a
strong reserve effect, and the three parametesdemed were not affected by random effects
such as transect and year repetitions. The resbosted a larger number of fish
(Log_Number of fish: F9s = 0.38 p = 0.016) and a higher total biomass (IBigmass: kg

= 0.90 p = 0.001) compared to sites located outefdthe reserve (Fig. 7), although the
density index was not significantly higher (Log_Biwy Index: kgs= 0.005 p = 0.617).
Furthermore, within the reserve, large fish (> 20 ¢ended to be more abundant (reserve =
6.12 £ 11.2; outside = 1.9 = 8.9).

Figure 7: Mean values of biomass, number and
density index of fish (expressed as Log normal
function) for transects located inside and outside

of the reserve.
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d. Evaluation of boat traffic

The total annual number of tourists visiting Coasiocreased consistently, from ca. 3.6
millions in 1986 to ca. 7.5 millions in 2013 (Fig, source www.ortc.info). Our census
conducted in 2013 showed that the number of baaisng the reserve each day (June:
221 + 29.69; July: 388 + 43.84) was twice that rded within the control area outside of
the reserve (June: 100 + 46.66; July: 192 + 43.Bdpoth cases, numbers practically
doubled in July compared to June (Fig. 8). Furthete boats approached the coastline
<250 m within the reserve (June: 252 + 79.2; JB88 + 28.28) than within the control
area (June: 35.5 £ 27.57; July: 106.5 + 10.60). Aumaber of boats passing at a distance
of >250 m from the coast was similar between the &reas in both months (Reserve =
June: 54.5 + 12.02; July: 100 + 15.55; Control aredune: 64.5 £ 19.09; July: 85.5 £
33.23).

In 2014, the number of boat passing close to ospesys (<250 m) was significantly
higher for nests located inside the reserve thahimse outside of the reserve (GLMM:
C% 147 =10.484; p = 0.001), especially when consideringséh passing at <100 m
(GLMM: ¢?;147=15.95; p = 0.000).

Figure 8: Boat traffic during summer in Corsica: a)

a)
mean number of boat passages per day in June and
July for sites inside and outside of the reserye. b
and ¢) mean number of boat passages per day < 250
m and > 250 m from the coast in June and July,
respectively.

b)

c)
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e. Bird behaviour at nest and level of stress

Overall, 41 days of observations (ca. 570 hourgkevearried out over the 3 years at 13 nest
sites, 10 outside of the reserve and 3 inside. lB@aamples were unbalanced between these
2 categories, we used a classification based oimtéssity of tourist boat traffic, whereby 6
nests were located in ‘high traffic’ areas and 7low traffic’ areas (see methods). All nests
except one were observed for a minimum of 2 dagssanof them also for 3 days. We found
no significant differences among 2- or 3-days réipets in any of the behavioural patterns
considered for each nest (Friedman test for eabbvieur: all p > 0.05). Data were therefore
pooled across day-repetitions.

The number of prey items brought to the nest per h@s 50% lower (GLMMc?, 41 =6.26;

p = 0.012) for nests located in high traffic ar¢bgy. 9). At these nests the occurrence of
disturbing events was also six times greater thdovatraffic areas (GLMMc?; 41 =7.229; p

= 0.007). The number of occasions in which partitshe nest after a disturbance tended to
be higher for nest located within high traffic &8€&LMM: c?; 4; -3.691; p = 0.054). Females
rearing chicks at high traffic sites spent moreetiaarming for an approaching boat (GLMM:
C% 4= 4.559; p = 0.032). All the other behaviours consdedid not vary significantly

between nests belonging to the two categories.

Figure 9: a) number of prey items brought to the nest per ly male ospreys
and b) disturbing events per hour in ‘low traffiahd ‘high traffic’ areas in
Corsica.

To evaluate chick stress levels, we tested bothctimeentration (ng m) and the
temporal expression of corticosterone (ng Trin both cases we found that values for

chicks from high traffic areas were significantligtrer than those recorded at other nests in
141



Corsica (Mann-WhitneyJ-Test: U = 1.0; p = 0.027; N = 9) and at non-disaal nests in
general (i.e. including control samples: Mann-WéititJ-Test: U = 1.0; p = 0.004; N = 18)
(Fig. 10). Values also differed when consideringhebbcation separately (Fig. 10; Kruskal-
Wallis: G=11.42, df =3, p = 0.010, N = 18).

Figure 10: Mean values of a) corticosterone temporal exprasgimy/mm) and b) its
concentration (ng/mg) for each locality. Corsica ha&en split in low and high traffic areas
(respectively white and black bars); other sitéalyland Balearics) in grey bars.

70

Our extensive, long-term and multidisciplinary daet allowed a very detailed
investigation of the incidence of the current mamagnt of the Scandola MPA on the status
of a Mediterranean conservation flagship specibs, asprey. This unique information
allowed us to validate our two working hypothegé3:the MPA had a positive effect on the
Corsican osprey population during the first 20 geget (2) following recent increase in ship
traffic, ospreys breeding at sites facing the SontMPA are now being critically disturbed,
and their breeding performance has dropped de#iptéact that they could rely upon fish
resources which are more abundant than elsewhdsedewf the reserve. Our case study
should motivate improved management of ecotourastiwvities linked to charismatic species.

Specifically, we demonstrate that most breedingoperance parameters declined
over time (especially since 2000) for pairs bregdiithin reserve’s boundaries, compared to
those breeding outside of the protected area. Aghahis may also be partly explained by
density-dependent population regulation (Bretagnetlal, 2008), we show that the reserve
played an important role in shaping populationdsenver time. For instance, Bretagnadle

al. (2008) reported a temporal increase in nest demsithe central, historical breeding area
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(from Calvi to Porto). However, this area encompddsoth nests located inside, and outside
of the reserve (e.g. sites in the Revellata aresoath of the reserve). Disturbance by ship
traffic and density dependence processes theraftied simultaneously across these sites.
Nevertheless, our results showed evident contgadfiends between the two categories
(inside/outside reserve): nests for which breegiagpmeters were negatively affected were
mostly situated inside of the reserve.

In order to clarify the proximate causes of sudtidipancies, two lines if thought can
be developed:

1) Local prey abundance affects osprey breeding sscéesexpected, we found
that sites within the reserve hosted greater fispufations with larger body size (and,
consequently, higher biomass) than sites outsiderékerve. This can be explained by the
positive effect of fishing banning in the protecea, which favours protection and allows
more fish to reach adulthood and reproduce. The ofl MPAs as source areas for fish
dispersal has been largely acknowledged (Franeoal, 2001), especially in terms of marine
population connectivity (Cowen & Sponaugle, 2008)particular, the Scandola reserve has
the reputation to be one of the most important neabiodiversity hotspots in the Western
Mediterranean basin. Thanks to long-term underwptetection (Francour, 1994; Wasd
al., 1999; Francouet al, 2001), all Scandola marine biotas are well-pre=&r and their
finely-structured trophic webs maintained (Fran¢cdi@94). These positive MPA effects are
substantial for the local fish fauna (Francetiral. 2001), including fish predated by ospreys
(Francour & Thibault, 1996). Therefore, the MPA y@d a positive role, by providing
abundant food resources to foraging ospreys. Tressdts are coherent with GPS-tracking of
breeding adults (Fig. 6), which showed that theeding home ranges were extremely small,
and largely confined to coastal areas adjacentdeding sites.

2) Massive summer boat traffic within the reserlieked to sea-based tourism,
explains the recent decline in osprey breedingoperdnces.

Focused observations upon the number of boat pessagr day were conducted in the
summer of 2010 by Morvan (2010) at two specificregmest sites located in the reserve. He
recorded between 350 and 450 boat passages pewitlaypeaks occurring between 11:00-
12:00 and 15:00-16:00 (Morvan, 2010). According¥, found that touristic boats traffic was
much more intense in the reserve than outside ¢egfyein July during the high season).
Furthermore, most (74.6%) of the boat passagebeirrdserve occurs at a reduced distance
from the coast (< 250 m), possibly generating gredisturbance to ospreys. To understand
how such boat traffic affects osprey behaviour antiately, breeding performance, we
tested whether the behaviour of breeding ospreys negatively affected by the continuous
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boat passage and noisy stops. Our sample size im#@ed for nests within the reserve,
because in the 3 years of the project many nesésl faust before the observation protocol
started. However, although most of the traffic anaentrated in the reserve because of the
existence of the MPA and the presence of emblenuafizeys, even other places offering
marine caves and geologic formations are beingetadyby touristic companies during their
daily cruises (e.g. Capo Rosso; Fig 1b). At sitesfed along such boat trips, nautical traffic
significantly impacted osprey behaviour (Fig. 9hefe, the number of disturbing events per
hour was higher, with females at the nest spenghiage time alarming for boats approaching,
and fewer prey-items were brought back to the bgstales (Fig. 9). In this context, time
spent alarming or repeatedly flying off the nesymeduce time allocated to other important
activities (notably foraging). Further, boats agmioing too closely scare parents off the nest,
which results in eggs or chicks being left unateghdlrhe absence of parents, even for short
durations, may indeed favour predator attacks (@dm & Edington, 1986; Bolduc &
Guillemette, 2003), for instance by Yellow-leggedllg Larus michaellisor Raven<Corvus
corax Nautical traffic may also have further perturbeffects. In particular, epipelagic fish
that constitute the main food source for ospreyy of@nge behaviour, by switching daily
activity patterns or by swimming deeper to avoigsaand fishing pressure (Bracciatial,
2012). One may also speculate that boat traffic Brayance the vorticity of surface water,
perturbing the epipelagic area upon which ospreys aitically dependent for efficient
foraging. Confronted with such perturbed foragimgaa, ospreys may move away in search
for calm waters, spending more time travelling;stimay result in lower rates of food
provisioning to the nest, and in lower reproducpesformance.

This is supported by the fact that chicks from seskposed to ship traffic had
significantly higher corticosterone levels, indiogt physiological stress. This is predicted to
have a negative on chick growth and survival ratésman recreational activities have
already been identified as the cause of physiokbgitress impacting individual fitness. For
example, a study conducted on Capercailk¢rao urogalluspopulations in Europe, showed
that stress hormone levels increased markedly molividuals living close to winter
recreational areas (Thiedt al, 2011). However, we cannot attribute with certaithe
observed pattern in corticosterone accumulatiorbdat traffic. Multiple factors can act
concurrently to determine stress responses. Fomges, higher concentrations of
corticosterone could result from the presence tém@l predators in the surroundings and/or
by conspecific intrusions in the territory of thparents: in these cases female may effectively
increase chick stress levels (Bretagnolle & Thihal®93). Another cause of stress could be
food scarcity. Indeed, former studies showing dke\@rticosterone levels in response to

144



stress suggest that birds are thereby able to gbgstally cope with food shortages
associated with unpredictable food resources (let\ad, 2003).

Management implications

Marine ecotourism is a notable source of environalatisturbance. A global analysis
of marine reserve regulations at 91 MPA across@&éies found that a majority of high-
risk activities involved motorised boats (Thurstahal, 2012). When designing MPAS,
anticipating forthcoming touristic fluxes is thewed absolutely essential, to avoid facing
acute management crises as in the case of the @aaMdPA. Such anticipatory planning
necessarily involves pertinent socio-economic factanalyses (Badalamerdt al, 2000)
leading to a consensual regulation of public a&@®l ship traffic. Further, the designation
of MPAs must be complemented by a sound managepiant and the allocation of the
financial means necessary to its enforcement. $ounn Corsica actually started in the early
20th century and, based on observed numbers, foedicof current trends have been made:
such previous studies already indicated that erdthacotourism and related boat traffic may
affect marine biodiversity at Scandola in the langggm (Francour, 1994; Francoet al,
2001; Richez & Richez Battesti, 2007; Tavernier,1@0 Other MPA where marine
ecotourism has become problematic tried to solve i#sue by appropriate mitigation
measures. For example, at Asinara Island Nationatifd Reserve (IT) access has been
regulated, no-entry/no-take areas have been impimdgeas well as seasonal closures and
speed restrictions (Villet al, 2002; Russ & Alcala, 2004). Such mitigation measwkeep
impacts to a sustainable level, especially in resemwere particularly sensitive species or
communities exists (e.g. aggregations of dolphms sharks (Heymaat al, 2001; Kellyet
al., 2004), sea turtles (Hazel al, 2007), spawning fish assemblages (Braceiaél, 2010),
seabirds colonies (Velando & Munilla, 2011), or them communities (Selig & Bruno, 2010;
Lloret et al, 2008)). Crucially, the success of such managesteategies was tightly linked
to the degree of involvement tife local community (Badalamerdt al, 2000; Baineet al,
2007), and we strongly feel that an improvementtha osprey conservation within the
Scandola MPA will only be possible through a cotiedtion with the local tourism industry.
This might be facilitated by the fact that the Regil Natural Park of Corsica is increasingly
aiming towards sustainable tourism developmentrtbance the value of the biodiversity
while reinforcing the sanctuary status of UNESCOrM/d1eritage Site. In this framework,
Scandola has a great potential for achieving botilsy yet disturbance caused by enhanced
boat traffic has to be carefully managed. Our ird8ge study is a major incentive for a better
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integration of terrestrial and marine processesadbieve an improved protection of this
unique site and of the associated Mediterranearepgmpulation.
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In the Mediterranean, most areas belonging to miteli distribution range of the Osprey
Pandion haliaetushave been lost and local populations have disapdea recent decades
because of persecution. Even though direct manageawotions have allowed local partial
recovery, the Mediterranean population currentlly dolds a few tens of breeding pairs and
is still exposed to local extinction risks. Onetloé last Mediterranean Osprey breeding areas
lies along the North African coast between Moroand Algeria. In this paper, we report new
information on the Osprey population within the Abceima National Park, Morocco. The
status of the population for 2012 and 2013 is reggband compared with data collected
during the period 1983-1990. A reduction in numbérnests and breeding pairs was
observed and a 35.7% decrease in the populatienrecorded. In addition, we discuss the
main identified threats to Osprey habitats (e.qagyite and poison fishing) that affect the
Osprey breeding population in this area. In tlusntext, we stress the necessity for
urgent measures to be adopted at the |aedd $or the protection of this vulnerable
population in the light of a sound conservatioatstyy also at the scale of the Mediterranean.

Keywords: conservation, Morocc#andion haliaetuspopulation, threats.
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The OspreyPandion haliaetusis a long-lived raptor distributed on all contite except
Antarctica between 49° S and 70° N (Poole, 1988hoigh most exclusively a tree-nester in
the vicinity of rivers and lakes in northern pastgheir Palearctic range, in the Mediterranean
area Ospreys choose rocky cliffs for nesting, clasemarine or brackish water fishing
environments (Poole, 1989). Despite direct managénaetions carried out in the last
decades, allowing a partial recovery in Corsica ianthe Balearics (Bretagnolkt al, 2008;
Triay & Siverio, 2008), the Mediterranean populaticstill shows an unfavourable
conservation status (Muriet al, 2010), with less than 80 breeding pairs, distedibetween
Corsica (32 pairs), the Balearic islands (16—18rspaAlgeria (supposedly 15-17 pairs) and
Morocco (supposedlyl4-18 pairs) (Monti, 2012). Tsaro reintroduction projects the
species is now also breeding in mainland Spain @ral Italy since 2009 and 2011,
respectively (Murielet al, 2010; Monti, 2012). The Osprey population of Mo was
discovered only in 1983 when the first exhaustivevey was carried out along the
Mediterranean coast (Berthon & Berthon, 1984; Thibat al, 1996). During the period
1983-1990, the population was regularly monitorsireported by Hodgkins & Beaubrun
(1990). This population, scattered along the roc&gst from Cala Iris to Al Hoceima, is
thought to be the only reproductive nucleus in Mem Only in 1989, two nests were
discovered near Jebha, a small town 30 km westatd @is. In the Chafarinas Islands, two
breeding pairs of Osprey were present in 1950 ébsg & Terrasse, 1997). Since 1994, only
one pair inhabits the archipelago, still observedune 2013 (Triay & Siverio 2008; Monti,
2012; G. DellAriccia, CEFE-CNRS, pers. comm., 2018 breeding occurrence has never
been proved for the Atlantic coast of the coundfthough it has been strongly suspected in a
few places (Thévenet al, 1985).

In spite of the great importance of such a popoafor Osprey conservation at the
scale of the Mediterranean, no additional censak fdace after 1990. Only in 2008, a new
exploration was conducted by the local non-govemtaleorganisation Association de
Gestion Intégrée des Ressources (AGIR), which astidha total of 14—18 pairs within the
same area (Nibani, 2010), nowadays recognised epribtected area of the Al Hoceima
National Park (PNAH). Supported by the Mediterran&mall Island Initiative, the ‘Haut
Commissariat aux Eaux et Foréts et a la Lutte edatiDésertification’ took the initiative to
realise a global census of the Osprey populatidhef\l Hoceima National Park in 2012 and
2013. For the first time, nests were thoroughlyckled by climbing on the rocky cliffs. Such
an approach allowed validation of the occurrenceepiroduction and to record the exact

number of active nests (number of breeding paird)at eggs and/or chicks in the population.

148



We report the current status of the Osprey popmnatif the Al Hoceima National Park in

2012-2013. These results are compared with higladita from previous surveys conducted
between 1983 and 1990 (only published as intee@ints; Hodgkins & Beaubrun, 1990). In
addition, we describe and quantify the main thréaspreys that were identified during our

field sessions in the area.

+ # " #(
a. Study site

The Al Hoceima National Park (Fig. 1) is classifiad a semi-arid to arid Mediterranean
bioclimatic zone located on the northern coast ofddco (Al Hoceima, 42°3N, 11°05.E).

It consists of both a marine and terrestrial afeB99600 ha and 28,400 ha, respectively. The
protected area, expanding over 40 km of coastlmegathe Mediterranean Sea from Cala Iris
to Al Hoceima, is characterised by high calcaredififs, marine caves and small rocky islets
close to the seashore, which for the most partngeto Spanish territories (e.g. Pefion de
Vélez de la Gomera). The fish fauna is particulaidi and includes both Mediterranean and
Atlantic species coming in through the nearby StodiGibraltar (Nibani, 2010). Some of
these species represent good potential prey fore@spwhich nest on rocky pinnacles long
the sea coast (Thibawt al, 1996).

Figure 1: Location of Al Hoceima National

Park, Morocco, of which the 40-kilometre

coastline was divided into four zones (from A
to D; from west to east) of 10 km each. For
each sector the following parameters are
reported: N = number of nest sites found; P =
number of territorial pairs. These parameters
are considered both for (a) the historical data
collected during the period 1983-1990 and (b)
those data collected in 2012-2013. Numbers
expressed are the mean with the SD in
parentheses. (c) Occurrences of potential
threats, counted in 2013, are reported and
ranked in three different classes of distance

from the coast (shore = 0 m; close = 0 > x < 30@amn;> x < 300 m) for each zone.
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b. Census methods

Previous surveys in the period 1983-1990 were pmdd only via distant observations,
using boats at sea or a telescope from land. Tsdigo of each nest was recorded on a
geographical map and photos taken for better ifieation (Hodgkins & Beaubrun, 1990).
Nests were considered as occupied according toe@spibehaviour, i.e. presence of
individuals at the nest or in its surroundings wim&st content was not visible at all from
distance. In other cases, nests were consideredaxupied if nothing was detected in the
nest or no Ospreys were observed in the vicinity of as undetermined when no information
was available.

The 2012-2013 census took place in May (as in 1PD833), at the time when most
breeding Ospreys are rearing chicks. A team of dlvgervers, lead by JIMD who has 30 years
of experience in surveying Ospreys in the Meditegem, participated in the mission.
Fieldwork consisted of 4 d of observations each yesn land and 4 d of coastal surveys at
sea. Osprey nests were searched for along the dliifing coastal surveys by means of local
fishermen’s boats, and nest contents were firstldw at distance from land using a
telescope. Since we covered the whole 40 km oftcdoatuded in the protected area, all
occupied Osprey territories were surveyed. A nest eonsidered as active if at least one egg
was laid. In order to avoid risks of errors in cong eggs and chicks from above, nest
occupancy and nest contents were validated by cligniocky cliffs to the vicinity of nests.
Osprey presence and number of eggs and chicks wemee unequivocally assessed.
Hatchlings were measured, weighed and individuatlgrked by a metal ring (CRBPO-
MNHN, Paris) and a white-coloured ring with a thiteter code (for long-distance
identification).

Both in 2012 and 2013, threats potentially affegtithe Osprey population were
observed in the protected area. The 40 km of calasg the PNAH were divided into four
zones (from A to D; from west to east) of 10 kmtedauring 4 d of surveys at sea in 2013,
we recorded all events representing a potentidiuidiance, assigned it to the relative
geographical sector and noted its distance frontti@st according to three different classes
of distance (shoreline, within 300 m, or greatemtl300 m). Annual quantification of fishing
and estimates of each threat were reported alswding to the National Office of Fisheries
of Morocco (ONP) estimates (http://www.onp.co.majl @ao Nibani (2010); their negative
effects on both habitats and species are heretegpand discussed. Means + SD are reported.
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b
c. Historical data and present population status

A regular census of the Osprey population was edraut during the 1983-1990 period,
except for the years 1984 (partial census) and 1Bi®88gkins & Beaubrun, 1990). In 1983,
this population was initially estimated at 10-1%rpé&Berthon & Berthon, 1984; Hodgkins &
Beaubrun, 1990). During this early monitoring pdria total of 52 different nest structures
were recorded (mean per year = 33.6 = 6.2) and: 149) territorial pairs were located (Fig.
1). The population maintained a stable trend shgwimited variation in numbers during the
period 1983-1990 (Tab. 1).

Table 1: Historical (1983-1990) and present (2012—-2013)ufadwn data recorded in the
PNAH. For each year are reported the number ofsn@étnests), the number of territorial
pairs (N pairs), the number of abandoned nestst$Nesandoned) and number of nests with
undetermined status (Nests undet.). For the perd@®38-1990 and 2012-2013, the mean
values + SD are reported. * = Incomplete censuk984, not included in mean values, ** =

number of pairs that actually reproduced in 2012 2(1.3.
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In 2012 and 2013, a total number of 23 (mean par y€19.5 + 4.9) nest structures were
recorded in the PNAH, between Cala Iris and Al Hioee(Fig. 1). In these two years, 6.5 (+
3.5) nests were obviously abandoned (structures feemed by only a few branches and the
nests appeared to have been unused for severa).y&amur nests were occupied by a
territorial male alone, whereas another three llosten-reproductive pairs (no egg/chick
observed). A breeding occurrence was only reconmdégle and seven sites in 2012 and 2013,
respectively (6.0 + 1.4 for both years). The whodgulation was estimated at 20-25 adults,
to which 8-12 chicks might be added per year. Ghwkre about three weeks old at the time

of our visits in 2012-2013, meaning that egg layapgroximately occurred between March
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and April and hatching at the end of April (accaglito an incubation length of 35-42 d
reported by Cramp & Simmons, 1980). Only six outh& nine territorial pairs observed were
actually breeding, and represented the effectigeodictive nucleus of the population in May
2012 and 2013. A reduction in the number of neststarritorial pairs was hence recorded,
and a 35.7% decrease in population size has occsinee 1990. In 2012 and 2013, the
Osprey population size of Morocco was hence welbwethe numbers estimated during
previous surveys (Berthon & Berthon, 1984; Thibaetital, 1996). Due to the lack of
systematic and repeated censuses during the aadgihg season, no data on previous nest
failure were available, meaning that the actuaktirey population may be larger than our
estimate based on the number of active nests.nStarice, some of the breeding females that
might have failed earlier in the season might haveady moved away at the time of the
census in May. Thus, the population decrease dmeilderhaps less dramatic than suspected.
However, old counts performed during 1983—-1990 weareied out also in the month of May
during each year and hence at the same breedigg asathose of 2012 and 2013. Therefore,
if we assume that rates of breeding failure athation stages remained similar between the
1980s and 2010s, the surveys must be comparablerteless, since we employed a more
reliable monitoring method (previous counts beiagied out only via distant observations),
this might have impacted total numbers. On thigshasur survey strongly suggests that a
strong decrease in population size has occurredgltine last 20 years from 14-16 pairs in
the 1980s to the only six breeding pairs and renetorial pairs in 2012—-2013.

At the same time, the total number of observed seattures decreased from 52 to 23
nests. Two types of factors could explain why som@&t structures have disappeared in recent
decades. First, environmental factors such as \amdl rain could have destroyed unused
nests. Second, inhabitants of the neighbouringgds$ frequently explore the coastal cliffs to
use dynamite fishing and their repeated passaggshier with continuous explosions can
have accelerated the process of nest demolitioth Bators could be responsible for rapid
nest destruction. To conclude, a systematic mangoiprotocol to record population
demographic parameters (e.g. the presence and nuwhlimrds and their breeding status,
hatching and fledging success) during each breesbagon is required and should be adopted
as soon as possible by the PNAH. The current situa¢quires urgent and efficient measures
aimed at the preservation of this vulnerable papriaMonti, 2012).

d. Potential threats identified within the PNAH

During the field census of 2012-2013 several ingrtthreats potentially affecting the
Osprey population were observed. In 2013, we caouat®tal of 62 events during four days
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of coastal surveys within the park (Fig. 1). Thganty of them occurred at the borders of the
protected area, in the surroundings of the villagfe€ala Iris (zone A = 56.4%, n = 35) and
Al Hoceima city (zone D = 35.4%, n = 22). Few casese detected in the central zones of
the park (zone B = 4.8%, n = 3; zone C = 3.2%,2).3n total, 95.1% (n = 59) of the events
was recorded within 300 m from the coast (0 m 2%4.n = 46; 0 > x <300 m = 20.9%, n =
13), often close to Osprey nests. Only three oecwes (4.9%) were detected at a distance
greater than 300 m. These potential threats aelliselow: (1) Fishing represented the main
cause of both direct and indirect disturbance fosp®y. According to ONP
(http://www.onp.co.ma) estimates, a total amouridb10 tons of fish has been officially
extracted for the harbours of Al Hoceima and Cak iIn the first 10 months of 2012. In the
same year, intensive trawl fishing was observed tieacoast within the PNAH. Some 2,200
tons of fish are estimated to be extracted per pgahe 14 vessels that currently work in the
area of the PNAH (Nibani, 2010). This practice ikely to strongly disturb the breeding
grounds of demersal fish and may deplete breedstgstocks (Jones, 1992). Even if trawl
fishing does not directly deplete Osprey prey (dighes living close to the sea surface)
and/or disturb breeding Ospreys, if vessels workal@ay from the coast, it is certainly
damaging for the whole marine ecosystem and comeseigufor bird species linked to it.

In several studies, a negative effect of such mesthas been described for seabirds
(Arcoset al, 2008). Over a long time span, seabirds mightimtodifficulties satisfying their
food requirements, with repercussions on both iyction and survival (Curgt al, 2011).
Trawl fishing is also known to deteriorate marineogystems by destroying non-target
benthos, causing post-fishing mortality of damageganisms, and long-term changes to
benthic community structure (Jones, 1992). In otdeminimise disturbance and negative
effects, the number of vessels should be regulateckss to the park forbidden, as well as
traffic shifted to a set distance from the coastthis context, artificial obstacles were placed
(in the first months of 2013) on the sea bed taicedtrawlers activities inside the PNAH.
Therefore, we only counted three passages of #&¢tiighing trawling vessels (at > 300 m
from the coast) in May 2013. (2) Dynamite fishisgcommonly used within PNAH (Nibani,
2010). Men sitting on vertical cliffs and watchifay a shoal of fish represented the prelude to
dynamite fishing (Nibani, 2010). The dynamite isged from the cliff in order to Kill fish,
which come up to the sea surface and are colldzyed swimmer. Ten to 15 individuals,
mainly in the vicinity of the villages of Al Hoceimnand Bades, are estimated to routinely use
this illegal technique within the PNAH and to extr867 tons of fish per year (Nibani, 2010).
In 2013 (during 4 d of surveys at sea), we recotegresence of dynamite fishermen in two
different cases. (3) Copper sulphate fishing faopasOctopus vulgariss commonly used
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by at least 15 local fishermen (counts accordingNifeani, 2010). From an inflatable boat
moving slowly on the sea surface, fishermen scrbahe water until an octopus was
detected. They then forced the octopus to comebiis hole by means of copper sulphate
spread from the surface. Although this fishingdsused on a single species, sulphate quickly
spreads, poisoning marine organisms in the suriagad (4) Occurrence of scuba spear
fishing was also recorded in one case. Howeves, fthhing practice is currently performed
by foreign people on powerful motorboats comingitite integral zone of the PNAH from
the harbour of Cala Iris (Nibani, 2010). (5) Sneadkle commercial or subsistence fishing
practices, by means of small boats and tradititeehniques such as rod and tackle, throw
nets and drag nets, represent the principal ecanmmome for ca. 3,650 fishermen working
within the PNAH territory (estimates for the progenof Al Hoceima; Nibani, 2010). They are
able to extract a total biomass of 1,500 tons sl fper year (Nibani, 2010). In 2013, we
recorded a total of 54 cases of presence of loglaéfmen in close proximity of Osprey nests,
within the integral protection zone of the parkg(Fl). Breeding Ospreys are disturbed both
during the phase of territory settlement (adultsev&equently observed changing nest
structures at the beginning of the breeding sedsento the steady presence of local people
(Houssine Nibani, unpublished data). This could léa failures of breeding attempts, i.e.
during the incubation or chick-rearing period. Humigshing zones should therefore be
limited to areas distant from Osprey nests (e.$06 m to avoid any alarming displays of
Ospreys; Bretagnolle & Thibault, 1993). (6) An gldrbage dump has been releasing rubbish
at sea in the vicinity of an Osprey nest locatesgelto the borders of the National Park and to
the harbour of Al Hoceima for decades. Rubbish pasially burnt or dumped directly into
the sea. Although the dumping site has been odlfffcimoved far away inland, we still
recorded occasional activities at this site. Theading opportunities offered by the site,
thanks also to abundant fish discards coming fioenectivities of the harbour, attract > 1,000
Yellow-legged Gulld.arus michaellis This gull species is known to be a potential dhffer
breeding seabirds, since gulls can plunder eggbioks at the nest (Liboist al, 2012). This
Osprey nest was indeed one of the non-active an2812—2013. (7) Disturbance of breeding
Ospreys by motor boats is suspected to occur. ®behch of Al Hoceima, 10-14 watercrafts
can be rented by tourists from April to SeptemB@urists are then allowed within the park,
where no restrictions are specified. Noises fromairthboat engines can disturb nesting
Ospreys. Such traffic should be forbidden, or aste@egulated within the park. (8) During the
past, Osprey chick consumption was suspected tarods an ancient tradition, reported by
elderly residents of villages and confirmed by #th&IR association, fishermen used to
retrieve Osprey chicks from the nests to eat themmfiiproving their own skills in fishing. An

154



estimate of the past consumption’s occurrencesibibeen clearly possible. Moreover, it is
not known if this practice still occurs nowadaysevf it may be directed to other species.
Despite this, we recorded that a chick, previousiged by us in 2012, was collected alive in
the nest by a local person and illegally tradedus$ine Nibani, pers. comm.). Environmental
education programs should be improved, resulting fmture better knowledge of the local
richness in term of habitat and species.

e. Conclusions

The PNAH appears to be strongly exposed to difteferman pressures that are likely
affecting Osprey survival and threatening localdiiersity. Direct effects of such threats,
especially those resulting from illegal fishing giees such as dynamite fishing and
poisoning, have strong implications for Osprey ewuation, but also for the entire marine
biodiversity of PNAH. In the past, traditional fisly represented one of the major economic
incomes for precarious local people living insitée park’s boundaries. From the 1980s, a
noteworthy exodus of persons that came from otlaetspof Morocco to settle in the Rif
region occurred. As a result, the province of Alckiona witnessed a rapid demographic
increase from 54,319 inhabitants in 1960 to 1098004 (Nibani, 2010). Better economic
possibilities favoured progress in fishing meth@dsg. improvements in technical systems
used on boats) that enhanced pressures on theemariironment. Decline of several fish
stocks was one of the most evident negative efleatsted by such vessels and by the use of
illegal fishing activities such as dynamite fishiagd poisoning (Nibani, 2010), even if there
is currently no direct evidence of insufficient ébsupply for the Ospreys. The park is also
threatened by possible future coastal developmedtuabanisation. Local practices in land
use (e.g. in 2013, the building of a new harboartst within the PNAH territory) together
with the increasing touristic pressure are seripusidermining the natural resources of this
area, considered as one of the most representMaditerranean biotope for its high
biodiversity in terms of species and habitats. Plagk should arrange for administrative
authorities to plan strong conservation actionthemarea. However, any management action
must be based upon a good understanding of theidaimgy of animal populations. At
present, basic information on the spatial ecolofjyOspreys in the Mediterranean is still
lacking, affecting the possibility of putting inxtion precise conservation measures for the
species at regional scales. Further studies shiowielstigate such topics with particular
attention, to test the existence of connectivitiwleen the different Mediterranean Osprey
populations. This will help to understand the raftésolation of these populations and allow
evaluation of the extinction risk of each populatisuch as that of the Al Hoceima National

Park.
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Capsule Sex-biased dispersal and an age-dependent effacirvival rate accounted for the
pattern of first settlement and reproduction ireavly reintroduced Osprey population.

Aims We estimate the survival of translocated individudescribe juvenile movements and
evaluate the success of first breeding events toirdent the re-establishment of an Osprey
breeding population.

Methods Between 2006 and 2010, 32 fledgling Ospreys werstroduced via hacking
techniques in Maremma Regional Park, Italy. We watald the effects of age on survival
through multistate capture-mark-recapture analyddsvements were investigated by
radiotracking and using records of resightings.

Results Survival was high for juveniles after the rele@8e37), markedly decreased during
the first winter (0.26), and improved again in sdpgent years (annual apparent survival of
0.69 for immatures and 0.93 for adults). Mean distacovered in initial dispersal was greater
for females (246.2 km) than for males (38.7 km).

Conclusion Our results provided information on dispersal andvival rate of reintroduced
Ospreys in a Mediterranean area. Despite low appawrvival in the first year, the high
survival rates found in immatures and adults suggefavourable conditions for this new
population. The study of demographic parameternsnortant for calibrating management
actions aimed at the establishment of a self-qus@gOsprey population.
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In any reintroduction project, the pre- and postase management can affect both post-
release survival and dispersal of translocatedviddals, ultimately influencing their
successful establishment and persistence (Armstérgeddon, 2008). The study of the
details of reintroduction programmes is thereforpartant for planning management and
conservation strategies aimed at reducing postiiedmortality (Soutullcet al, 2006). This

is especially true for those populations in whicavements and dispersal strategies are not
well known and can affect an individual's survivedte. For example, in migratory
populations the high energetic demands requiretbbg non-stop flights during migratory
journeys (Alerstam, 1990) have been proved to leeadrthe primary causes of death (Sillett
& Holmes, 2002; Lolet al, 2013 ; Klaasseat al, 2014).

The OspreyPandion haliaetuss a distinctive bird of prey widely distributedrass
different biogeographical regions of the world (Rpd.989). During the Iand early 20th
centuries it faced heavy direct persecution (elgoosng, egg-collection and habitat
destruction; Poole, 1989; Saurola, 2005). As altemany local populations disappeared
(Cramp & Simmons, 1980; Dennis & Dixon, 2001) slincluded in Annex | of the European
Directive (2009/147/EC) on the conservation of whidds and hence, considered a priority
species for conservation along its whole distrimei range. Around the Mediterranean, the
conservation status of the species is nowadaysderes unfavourable (Thibaudt al, 2001;
Muriel et al, 2010), with <80 breeding pairs distributed betwégorsica, the Balearics,
Morocco and Algeria (Monti, 2012). Although diractanagement actions allowed a partial
recovery in Corsica and in the Balearics, the Mmdiinean population is still vulnerable
(Thibault & Bretagnolle, 2001; Thibauét al, 2001; Triay & Siverio, 2008; Montt al,
2013). Furthermore, because of the high philopatrihe species, the natural recolonization
of portions of the past range is unlikely to oceuthin a short time span. Accordingly,
recovery of historical breeding sites by meansegitroduction has been considered as a key
strategy for Osprey conservation in this area,esirgntroductions are one of the best and
reliable ways for the re-establishing of populasioance the past causes of extinction have
been identified and eliminated (Griffigt al, 1989; Seddoet al, 2007).

Three reintroduction projects for the Osprey warenthed in southern Europe: in 2003
in continental Spain, 2006 in Central Italy and 204 Portugal (Muriekt al, 2006; CIBIO,
2011; Montiet al, 2012). In Italy, the Osprey became extinct asegdling species during the
last years of the 1960s mainly due to direct pessac (Bulgariniet al, 1998; Brichetti &
Fracasso, 2003). The last reproduction events wegerted for the islands of Sicily and
Sardinia in 1968-1969 and continental Apulia region1955 (Frugis & Frugis, 1963;
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Thibault & Patrimonio, 1992; Brichetti & Fracass@p03). The last known breeding
occurrence for Central Italy was in Tuscany (Mongto Island in 1929; Arrigoni degli Oddi,
1929). In 2006, thanks to collaboration between Wwtural Regional Park of Corsica
(France) and the Maremma Regional Park (MRP) (ltayreintroduction programme was
launched in Central Italy, aiming at re-establighia breeding population that would
potentially inter-connect with the nearby Corsidareding population (Sforat al, 2007).
Since the Osprey population of the Mediterraneatinasight to be mostly sedentary and/or
characterized by individuals that perform reducemvements within the basin (Thibawt
al., 1996), here we first report the movements angdedgal patterns of translocated birds to
assess whether they remained in the area or mavesiMay. Second, we estimate apparent
survival through mark-recapture models. Considetimat the hacking technique used for
reintroduction may affect the survival rates of ggubirds because of the lack of direct
parental care during the first stages of life, wpeeted lower values of survival compared to
those found in wild populations. In particular, Wwgpothesized that a high mortality rate in
reintroduced birds may reduce the chances of regchdulthood and in turn affect the
success of the reintroduction programme. Finally,would predict a greater survival rate for
this relatively sedentary population compared t@r@g populations of north and central

Europe that perform hazardous long-distance mmnat{Klaasseet al, 2014).

'+ # " #(
a. Study site and field methods

The choice of the reintroduction site took into @aat the strategic geographical position of
the area as highly suitable for the future Ospigyutation expansion (Sforzi, 2004; Dominici
et al, 2007). The release site (42°39’' N, 11°05’ E) Ve&sited in the MRP, at the centre of an
extensive coastal wetland system in southern TyscHme system (hereafter called ‘study
area’) is composed of several protected areas {figdurano Lake (BUR — WWF protected
area — 40 km from the release site); Orbetello bag®@RB — WWF natural reserve — 30 km
from the release site); Diaccia Botrona NaturaldRes (DBR — 15 km from the release site);
Orti-Bottagone Marsh (ORT — WWF natural reserve G- Bn from the release site);
Massaciuccoli Lake (MAS — LIPU natural reserve 0 k4n from the release site). Lagoons
and saltwater marshes provide suitable fishing mplsufor Ospreys. The release area is
located in one of the Integral Reserves of the MiREhe mouth of the Ombrone River (for
further details on this area see Maettial, 2012).
The Corsican Osprey population was used as therdmopulation. Although strong

direct persecution reduced this population at othlsee breeding pairs in 1974, local
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management actions since then allowed a rapid dexpbig recovery. The population was
considered stable with around 30 breeding pairsbéitt et al, 2001; Bretagnollest al,
2008). A total of 6-8 chicks was collected per ygam the donor population without
compromising its survival, for a minimum duratiohfive years of releases (Dominiet al,
2007). Juvenile Ospreys were taken from nests dédcalong the west coast of Corsica
(including the Scandola Natural Marine Reserve282N, 8°36’ E) at an age of 35—-42 days
from clutches of three eggs. The biggest and oldeisk was taken for translocation, while
the younger chicks were left in the nest, wher& tfgances of survival were increased in the
absence of one sibling. Chicks were transportedhddicopters to the hacking tower in the
MRP, where they were kept for approximately thresks until release. Each individual was
marked with both a metal ring and a coloured danvig with an alpha-numeric code (for at
distance identification) and equipped with a 10 gj-mounted VHF radiotransmitter
(Biotrack Ltd, UK). Behaviour was monitored on algdasis during the pre-release phase
from dawn to dusk. Home ranges and space-use gigate/ere investigated throughout the
post-fledging dependence period (PFDP) by direcsenlations and intensive VHF
radiotracking (for details of the monitoring protbsee Montiet al, 2012). During the PFDP
(July—August), juveniles mainly moved within a magliof about 1 km in the surroundings of
the release pens. Nonetheless, they performedyedsber movements, exploring larger areas
(<15 km). Since the radio battery life only lastedhaximum of three months (from June to
September), individuals were detected through twbservations by reading ring codes after
this period of telemetry. For each site of the gtarka, the presence of Ospreys was checked
once a week, on average. Resightings of ringeds birere used to calculate the minimum
distance covered and the main direction of juvehifest movements. Breeding attempts
were strictly monitored. Early in the season (FabygMarch) each site of the study area was
visited two times per week to check for individugb&rforming courtship displays,
constructing nests or trying to mate. Later on,upoed breeding sites were kept under daily
surveillance (from April to August). Wild-born clis were handled at 5-6 weeks after
hatching to take body measures and to be markéddanietal ring and a coloured darvic ring

with an alpha-numeric code.
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Figure 1. Geographical
location and abbreviations of
the main sites along the
coastal wetlands system in
Tuscany: black dots from
north to south of Tuscany,
Massaciuccoli Lake (MAS),
Orti-Bottagone Marsh (ORT),
Diaccia  Botrona  Nature
Reserve (DBR), Orbetello
Lagoon (ORB) and Burano
Lake (BUR). Black star:

Maremma Regional Park (MRP = release site). Ttandd of the Tuscany Archipelago and

the Scandola Reserve (black dot) in Corsica aeskewn.

b. Estimation of apparent survival

Using records of resightings and recoveries of mdnkon-territorial and territorial birds, a

capture-mark-recapture (CMR) analysis was carrigdon reintroduced birds. Overall, 185

resightings were collected during the period 20@3-2 Only four sightings have been

reported from areas well beyond the southern Tyswastland study area (Fig. 2); these data,

obtained without protocol or constant field effosgere not included in the survival analyses.

Thus, we considered 181 records. The study areacthvasked every 1-2 days during the

release phases (from June to August) and every dkg the rest of the year. We assumed

that the loss of coloured rings was rare and ulylif@ juveniles and so this was ignored for

analyses (Tavecchit al, 2012; Mihoubet al, 2014).

As we were mainly interested in estimating survidating the first phases of the

reintroduction, we set four specific age classesortng to the species’ biology: (1)

juveniles, during summer, before dispersal (froratfringing in July to end of August; 3—4

months of age; 2 months after fledging in the wil®) juveniles after dispersal (from
September to February; 5-10 months of age); (3)atare birds; 10-20 months old; (4)

adults older than 20 months. Two main periods a&f raionths were considered for the

analyses: summer (from March to August, correspunth the breeding season) and winter

(from September to February, corresponding to th@enng season). We also considered

two sex categories (coded in two groups in ourysmaa). In addition, we estimated the annual

apparent survival for immature and adult birds.d¥ecies of dead individuals only occurred
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in summer periods, in the study area, and onlyjfimeniles at their first summer (no
recoveries for immature or adults, or during wirggeriods), whereas resightings occurred all
year round. Each observation (ringing, resightingezovery) was coded according to three
events, describing the status of the individualaer alive). We used the multistate
framework to code individual encounter historieshwone state ‘alive’ and one state ‘dead’,
according to Lebretoet al. (1999). Model selection was performed using thegpam E-
SURGE (Choquett al, 2009a) with an Akaike Information Criterion carted for sample
size (QAICc) (Burnham & Anderson, 2002). In ourtimi model, the survivalR and
resighting p rates are age, time and sex-dependaie recovery r rate was kept constant.
Considering that during the PFDP marked birds welasely monitored by intensive
radiotracking, we set resighting and recovery ragsal to 1 for this period. Recovery rate
was assumed to be zero after the first summer becafl the battery failure of VHF
transmitters and of no recovery data reported. Gesstof-fit (GOF) tests of the initial model
were performed using U-CARE 2.5 (Chogettal, 2009b). Estimates are given with 95%

confidence intervals following within brackets.

Figure 2: Map showing
long-distance dispersal
movements of three
reintroduced females in
Italy: A4, released in 2009
(black dots and solid lines);
L5, released in 2010 (black
starts and sketched lines);
S5, released in 2010 (black
cross and dotted lines). For
each location the name of
the place or its abbreviation,
the date of sighting and the minimum line of sidistance from the previous location (in bold

and expressed in km) are shown.

c. Movements and dispersal and first breeding event s

Between 2006 and 2010, 32 juvenile Ospreys (20 lEsn@nd 12 males) were translocated
from Corsica to MRP (Fig. 3). From September onwavd.4% of birds moved and were not

detected anymore, whereas 28.6% were observed. gauarticular between 2006 and 2013,
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eight individuals (four males and four females) @vezcorded outside the release area. Three
out of four males were resident during the subseigyears, visiting different wetlands,
mainly located along the Tuscany coast (Fig. 1;. TgbThe males settled in this area soon
after leaving the study site and after it was isiegly explored during four to five years, it
finally became the place of first breeding attengstd reproduction.

Occasional sightings reported by birdwatchers gdnee opportunity to assess the
minimum distance covered and the direction of julee@®spreys’ movements in their first
year of life (Tab. 1). Four sightings were reportdsb from areas well beyond the southern
Tuscany wetland study area (Fig. 2). On averageligtance covered after leaving the release
area was greater for females (246.2 = 201.5 knr) thiamales (38.7 + 16.5 km). All females
but one did not come back to the release area Zkidrirst breeding attempts were performed
in 2010 by three pairs in the study area (Fig. A). of them were made up of one
reintroduced adult males (mean age = 3.6 + 0.57sy@ad a wild-born female of unknown
origin (unmarked). One of these pairs, composed ofale released in 2006 (age 5) and an
unmarked female, settled in a salty swamp in thePMIRd successfully raised two chicks in
2011, one chick in 2012, two chicks in 2013 and on2014 (total of six chicks). Between
2011 and 2013, a second territorial pair settledhan MRP but failed to breed. Finally in
2014, a third pair composed of a reintroduced feni@e 4) and a male wearing only a metal
ring bred in the Diaccia Botrona Natural Reservedpcing three fledglings (Fig. 3).

Table 1: Furthest movements of the released Ospreys, i), dsde of the end of the PFDP,
date and time elapsed from the PFDP (days) urifitst resighting, and location (with line
of sight distance in km from the release site)raported. For some birds, the date of the first

return in the MRP is also reported.
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Figure 3: The number of Ospreys
observed in the study area per year:
juveniles banded and released (black
bars), number of immature
individuals (grey bars), number of
territorial adults that did not
reproduce (white bars with skew
lines), number of reeders (grey bars
with skew lines) and number of

wild-born chicks (white bars).

d. Mortality and apparent survival

Four cases of mortality were recorded among theskoaated birds (four females and one
male). For three fledglings females, the causeeatitdwas predation by carnivores (feathers
with chewed up rachis base found). Electrocutiocuoed in one case: the dead body with
burned feather tips was found on the ground undezlectric pole located outside the MRP.
According to the GOF test, our initial model reasoly fits the data@ = 9.1, df = 9, P =
0.43). The best model assumes a sex effect foghtasg rate (larger for males (0.97 [0.81—
0.99]) than for females (0.69 [0.40-0.88])) andage effect for survival (Tab. 2). Survival
rate for juveniles was very high (0.87 [0.71-0.9f)) the first two months (PFDP in the
summer) and decreased to 0.26 [0.13-0.46] aftpedial and during their first winter (period
September—February). Annual survival was estimatie@.69 [0.29—-0.92] for second-year
birds (immature), and at 0.93 [0.65-0.99] for aslulio obtain an estimate comparable with
those of other published studies, we pooled ou @&iginally split in three periods) to build
up an annual cluster. We then multiplied survieaérof the first two months (0.87) x survival
rate for six months after leaving the area (0.26) four-month survival rate extracted from
the annual survival rate of immature (the cubid i@c0.69). In this way, we obtained a first-

year apparent annual survival of 0.20.
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Table 2: Model selection for survival and resighting rateth recovery rate as kept constant.
Age consisted of four age classes: juveniles dusognmer, juveniles during winter,

immatures and adults. Season was summer and vweterds, t means a time effect (i.e.
variation between years), np is the number of iflabte parameters and QAICc is the
Akaike Information Criterion corrected for samplees Models are ranked by decreasing
QAIC values.

In our translocated birds, the PFDP of three moatitsthe onset of longer range dispersal in
late August were within the range reported forgpecies (Cramp & Simmons, 1980). Wild-
born male Ospreys are known to be more philopdahan wild-born females and males
generally cover shorter distances during the ndisgersal phase (Poole, 1989; Johnson &
Melquist, 1991; Martelét al, 2002). Our data on translocated birds confirniesibehaviour,
explaining the higher probability (97%) of resigigia male rather than a female (69%) in the
study area. Any reintroduction programme can besidened successful when the new
population becomes self-sustaining (Schaual, 2009).

Ospreys achieve sexual maturity (and start seagdbma suitable territory for breeding)
at the age of 2—4 years (Poole, 1989; Englund &e@ae 2008). First breeding attempts of
inexperienced pairs usually lead to a high pergentd failures, but this failure rate decreases
in the following years as their experience growsolB, 1989; Murielet al, 2006). The
settlement and breeding of the first pair hencestitmtes an important milestone for the
formation of a new viable population and for th&raattion of other individuals in the area.
However in a reintroduction context, modelling plapion dynamics is an important tool to
understand the demographic causes of variatioopulption sizes which may suggest how to
re-orientate conservation actions to enhance ting@vsll probability of young birds, hence
enabling the success of a reintroduction projeetrré&in & Barbault, 1996). That is true
especially for long-lived species in which low juMe and high adult survival rates are

expected (Clobert & Lebreton, 1993). A few data available from individuals released in
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reintroduction programmes in America (Hammer & Hatc 1983; Rymon, 1989; Martedt

al., 2002), but no CMR analyses were carried out foroger estimation of apparent survival.
No data have been published so far for the Meditean area (whether wild and reintroduced
populations). Although our data set of reintrodugetividuals was rather small, our results
showed a high survival (0.87) in the first stagéshe PFDP, between the release and their
departure. Such a high survival rate initially seem exclude the possibility that there were
negative effects related to difficulties encoundetey fledglings because of the hacking
method (e.qg. lack of parental care and artificggdding initially after the release). Analogous
causes of mortality (e.g. predation, electrocutiongre reported for other Osprey
reintroduction projects (Mackrill, 2005; Casado &rfer, 2008; CIBIO, 2011).

During the PFDP, young Ospreys returned to the ihgclacilities to feed on artificial
platforms (where fresh fish was supplied until thedinitive departure of birds), while first
fishing attempts were generally performed onlyratite departure (Montt al, 2012). This
iIs a crucial moment for young birds, which mustidgplearn how to capture live fish to
survive to their first winter. In their first winteve found a very low survival rate (0.26),
suggesting that juvenile birds likely encounterdtiadilities in catching prey, finding suitable
habitat or dealing with unfavourable environmerahditions. By pooling these values we
obtained a first-year annual survival of 0.20, 2é& times below the survival probability of
0.50 obtained from wild-born juveniles from a pagidn in continental France (Wahl &
Barbraud, 2014). However, the annual survival rateeased to 0.69 for second-year birds
(immatures) but it was still lower than the survivate of 0.87 estimated for the immatures
and adults in Continental France (Wahl & Barbra2@fl4). This suggests that reintroduced
juveniles may be affected by the lack of parengakan the dispersal phase of their life (for
example, fishing lessons from parents during thBFPFay result in higher survival of young
once they are dispersed). Thus, it would be mderasting to compare our values with other
reintroduced population in Europe (e.g. Englandpdhe Mediterranean area (e.g. Andalucia
and Portugal) as soon as such analyses are aeai@blthe other hand, annual survival rate
was relatively high (0.93) for adults compared tbeo wild populations: in Sweden 0.81
(Ryttmann, 1994), the USA 0.85-0.90 (Spitatral, 1983) and continental France 0.87
(Wahl & Barbraud, 2014). This result could be retato the current low population density in
the area, and suggests favourable conditions foltsadnd low levels of competition with
conspecifics for food resources and for territqries already postulated in other
reintroductions (Martellet al, 2002). A future increase in population size coptissibly
account for greater local competition with effeetsdemographic parameters, as recorded for
the wild Corsican population (Bretagnol¢ al, 2008). Another factor which could play in
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favour of a high adult survival in our case miglg kelated to the fact that most of the
breeders were resident and did not migrate, bberatpent the winter close to the breeding
areas in ltaly, thus avoiding the risk and energgts that accompany a long-distance
migration. For northern Ospreys, Klaassnal. (2014) estimated mortality rate six times
higher during migration than during stationary pds, suggesting that events during the
migration have an important impact on the poputatignamics of long-distance migrants.

However, the Mediterranean basin is known to bewr@a where direct persecution by
human (e.g. hunting and poaching) is widespreatligms of birds, including also protected
species such as raptors, are killed annually; wwvdlife.org). This aspect might increase
mortality for those individuals spending all thdives in the Mediterranean basin, and
especially for inexperienced juvenile birds. Fipalthese high adult survival rates were
calculated on a very small sample size and this\gqopulation only contains young adults
with high survival expectancy and no senescentviddals as yet. Further studies should
include larger Osprey populations in the Meditegam monitored for a longer period (e.g.
wild populations from Corsica and Balearic islandsntroduced populations in Andalucia).
Reintroduction has proved to be an appropriate ooktto locally re-establish Osprey
populations. Although, results from European exgeres (i.e. reintroductions in Rutland
Water — England and Andalucia — Spain) show thatctieve the goal of a self-sustaining
population which does not require extra human waetion (e.g. supplementary
translocations), both a long time span and/or & higmber of individuals to be released are
needed. In particular, 75 Scottish birds were sddabetween 1996 and 2001 in England
before obtaining 7 territorial pairs in 2013 (Tirmabkrill, pers. comm.); 191 northern Ospreys
(from Germany, Scotland and Finland) were used é&etw2003 and 2010 for the
reintroduction in Andalucia before obtaining 12riterial pairs in 2013 (Eva Casado, pers.
comm.).

In Italy, despite constraints related to the liditaumber of chicks available for
translocation each year (e.g. the donor populatiddorsica being relatively small), two pairs
are currently breeding in the area eight years #itstart of the project and several territorial
individuals are regularly seen in the southern @ngccoastal wetland study area. This is
quite comparable to the projects in England andafuaia that are classified as successful.
Here, we have estimated the apparent survivalafatiee re-establishing population as a first
step to monitor the demographic parameters of #we population. Once more data and a
longer time period of data are available, a prggogulation viability analyses will allow us to
estimate the growth rate and probability of eximctof the population taking into account
number of breeding and territorial pairs, fecundityd recruitment of other eventual wild-
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born individuals. A gradual increase in the numblkebreeding pairs is now expected in the
wetland system of coastal Tuscany. Furthermoreséwen islands included in the Tuscany
Archipelago National Park and located midway betw€ersica and Tuscany could function
as ‘stepping-stones’ and might play a relevant fomi¢he future expansion of the species. The
recent building of artificial nests in Corsica, €amy (coastal territories and Montecristo
Island) and Sardinia (Porto Conte Regional ParlghAfo province) could stimulate the
colonization of new sites by mature Ospreys, sodiang the process of natural expansion of
the populations. These structures aim to attraztérs and encourage the first phases of
settlement and reproduction. This would ensure bmthl conservation to the species and
genetic exchanges between the two breeding popua(Corsica and Italy). Overall this may
ensure the re-establishment of at least a paheofhcient range of Osprey distribution in the

Central Mediterranean basin.
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This research demonstrated the great potentiglaifcstemporal scale-dependent approaches
in ecology and conservation biology, and also ¢feahows that such approaches require
field and laboratory techniques drawn from a widage of sub-disciplines, ranging from
molecular biology to socio-economical consideragio@verall, this work has led to some
important advances with respect to the conservdiiogeography of ospreys in the Western
Mediterranean, in western Europe, and at a worldvgichle. Those insights are particularly
valuable with respect to the effective managemeétitis emblematic species.

Beyond raptor conservation and the management gramory bird species, all results
gathered contribute to the current research eféwards building an integrative framework

for biodiversity conservation.
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Notably, our results on sequences of mtDNA highikghthe presence of four distinct
evolutive lineages in ospreys, at a worldwide s¢alticle 1). We evidenced a fully new
lineage, originating from East Asia. Importantlyack osprey lineage represents an
Evolutionary Significative Unit and should hence toeated and managed separately from
other populations from other lineages. Thus, infthenework of reintroduction projects we
recommend that no translocations should be condwsmg source populations belonging to
another distinct lineage. In other words, trangiocs in Europe should not use birds
originating from the Americas, Oceania and EastAsi

The population genetic study using microsatelliterkers confirmed the existence of
at least three out of the four groups identified myDNA. Populations from America,
Australia and Palearctic were found isolated, withgignificant gene flow. On the contrary,
in the Palearctic we found that osprey populatiangn if geographically distant, were
partially connected by gene flow. However, thisugrgresented an evident sub-structuration
into two entities, following a north-south gradi¢oontinental Europe vs Mediterranean). The
absence of further distinction in the Mediterranbasin accounted for connectivity between
local populations. Despite occasional inter-changiethe Palearctic scale due to dispersal
events, the strong sub-structuration suggests dbptey populations living at different
latitudes have developed specific genetic inforamatiThis could be the result of different
evolutionary histories (e.g. the existence of refugreas during last glaciations), and/or due

to their respective habitat matrices: nests iniooous forested habitats vs fragmented coastal
169



marine environments. Therefore, populations of Badearctic, although belonging to the
same lineage (no differences at the mtDNA levagsent recent dissimilarities displayed at
the level of nuclear genes.

In addition, we also found strong divergences i igratory strategies and ranging
behaviour between ospreys from continental Europeé the Mediterranean: the former
carried out long-distance journeys until westernidain grounds south of the Sahara (making
stopovers along the way) and the latter were pigriisigratory with 30% individuals mainly
remaining in the Mediterranean basin. On the bakisehavioural differences in migration
and in the genetic structuration at nuclear lo@dommend to pay attention to these aspects
in the management of these populations. In pasrculthink that restoration of small
populations, or the reconstitution of breeding rubly means of reintroduction or restocking
programmes should rely primarily on source popafetisharing similar characteristics and
that evolved under similar environmental constsintindeed, reintroduction and
reinforcement programmes would aim at restoringl \pibpulations at sustainable levels with
identical biological characteristics to the oridipapulation (Armstrong & Seddon, 2008). In
the case of osprey, long-distance migratory pomratwith specific genetic information
should not be primarily used to reconstruct popotet in the Mediterranean region and
Atlantic islands, where local populations show badlifferential genetic structuring and
behaviour. Inadequate human interventions may f@voodifications in these populations
and produce changes which are not in synchrony mathral evolutionary processes, neither
with the habitat matrix and related environmentahstrains. For instance, Villerst al.
(2011) demonstrated, by means of an experiment, diyative-bred Little Bustard etrax
tetrax originating from eggs collected in Spain (in amaamwhere the local population is
numerous but sedentary) and released in Francedvehical population is migratory), did
not subsequently migrate. This suggests that adsoanservation strategy should take into
great consideration not only the ensuring of a dapopulation recovery, but also the

expression of migratory movements to maintain tiegrity of native population.
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Furthermore, | found that Mediterranean ospreystiymepend the winter at temperate
latitudes showing a high plasticity in habitat séen. The use of marine bays, coastal
lagoons/marshland, and freshwater sites locateahdnrequires a broad approach for the
protection of key areas, during the inter-breedpegiod. At the same time, since the
wintering grounds are largely spread over the soafsthe western parts of the Mediterranean

basin (Italy, North Africa, France and Spain), emtthan concentrated in one single area (like
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e.g. the Wadden Sea or Camargue as crucial wigtand stopver sites for many shorebirds
and waterbirds), an harmonization of the managemernocols of these wetlands is required
for different countries. On this basis, | recommehed necessity of implementing an inter-
national institution for the osprey conservationd/an the creation of a specific
network/foundation which oversee the managemenbractand local protection aspects
across countries. First common collaborations betwErance, Italy, Spain, and Morocco
have been launched in the framework of this PhQeptpbut further actions and related
decisions should be activated in the optics of fré connected network for osprey
conservation in the whole Mediterranean basin. iFhglementation of such international
foundations/specialist groups represents indeeceftactive tool commonly used for the
study, monitoring, managing and conserving sped@freergencies and/or taxonomic groups
(Richardson & Whittaker, 2010; Ladle & WhittakerQ12). For example: a) the Vulture
Conservation Foundation (VCF) is an internation@committed to the conservation of the
European vulture species aiming at limiting the ateg effects of threats such as illegal
poisoning, lack of food availability and collisiorsg wind farms and powerlines that are
putting the incipient recovery of some populaticats risk (“http://www.4vultures.org”).
Similarly, Species Specialist Groups aim to activpfomote research and conservation
worldwide by developing conservation national arernational Action Plans for the most
threatened species and by encouraging informatichasge and cooperation amongst these
specialists, and with other relevant organisatiopsgsticularly the WWF, Wetlands
International, BirdLife International and IUCN Spes Survival Commission (SSC)
(www.wetlands.orlyy An official institution like these should alse breated for the osprey.
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More specifically the results gathered during tRiSD can be used to implement
management and conservation action at local sCalesidering the three specific cases in the
Mediterranean, some practical considerations caoutiéned. In Corsica, applied measures
can be advised for the management of Scandola &ldRaserve and the conservation of its
iconic species, the osprey. For instance it woddwvorth to regulate the daily boat traffic in
terms of accesses and visits allowed per day. Bigbers and high density of ships at
specific nesting sites should be avoided and Btrazintrolled to keep at a minimum limit
disturbance to ospreys. Boats should not be allde@gproach to the coast in front of osprey
nests, but should rather respect a buffer zonenoihhanum of 300 m radius in order to avoid
any disturbance to ospreys and to let the maldsnfisefficiently. To delimit such areas,

waypoint buoys could be placed at sea. Such regatatould be adaptive and change every
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year, according to the ospreys’ active nest digtitim (and even change in course of the
season after a nest failure). Enlarging the resdmeendaries would allow diluting
disturbance: a project proposal in this sense hraady been advanced by the Parc Naturel
Régional de Corse for many years. Wardening shbeldhaintained high to avoid negative
effects of boat disturbance also at other osprégs.siSuch kinds of measures have been
already implemented in MPAs and allowed importartcgss for the restoring of bird and
fish communities (Heymamet al, 2001; Velando & Munilla, 2011), often obtaininget
support of local stakeholders (Badalamental, 2000).

In the Al Hoceima National Park (PNAH, Morocco)peated census revealed the
vulnerability of this population restricted in arrawv stretch of coast which is heavily
exploited and disturbed by human activities (expl@tation of the coastal habitat and
dynamite fishing activities). The urgency of wartignand adequate regulations for a better
securing of this nucleus is urgently needed andilshize implemented by the National Park,
with the help of local agencies (HCEFLCD) and NGOs.

In the framework of the Italian reintroduction prof in the Maremma Regional Park
and surrounding areas of southern Tuscany, traastos have been temporarily suspended
due to scarce breeding success in Corsica reconddéek last years. However, other direct
management actions have been foreseen and arentbumegoing. Managers planned the
installation of new artificial nests at key sites.g. Capraia Island between Corsica and
mainland Italy, Massaciuccoli Lake in Tuscany, &modeo Lake in Sardinia) to favour the
settlement of floaters in the region and promotertatural recolonization of adjacent areas, to

ultimately support other populations within the Medanean basin.
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Towards a broad conservation of the osprey andterbknowledge on the species, we
suggest some new research avenues, which shoudnsedered as priorities. Researchers
and managers should hence address the followingstop

a) update the census of the Asian populationse tmtegrated with genetic analyses in
order to delimitate distributional boundaries ofle&SU (see the case of overlapping areas in
article 1), with particular attention to the Japsmend Siberian populations for which a
limited number of samples has been analysed. Asjerity of these samples are museums
specimens the current existence of this clade ist Besia and Indonesia needs to be
confirmed from samples of living individuals;

b) on the same line, the migratory behaviour ofafisi populations needs to be

investigated to understand their main migratorytesuwintering grounds in tropical areas of
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Indonesia and to search for eventual resident drapanigratory nuclei along the latitudinal
gradient in Asia (from Kamtchatka to Australia).iFlivould be of notable interest also for
conservation issues documented for migratory badsoss the East Asian—Australasian
flyway (EAAF: Bamfordet al, 2008; Amancet al, 2010);

c) investigate the migratory behaviour of thelgwayi subspecies by tagging
individuals from Caribbean to check for the existerof a resident or partial migratory
population with distinctive migratory strategiesaththose reported for north American
populations (i.e. Martekt al, 2014);

d) Finally at the Mediterranean scale, demographilyses should be conducted on
poorly-known wild populations (e.g. Morocco and @i, Balearics) or reintroduced ones
(e.g. Andalucia). This will allow compiling a bettescenario of population health in this
region. For instance, analysing survival and bmgdiuccess in Corsica and Balearics since
1975, could help to understand to what extent #oelonization of Corsica could be due to
emigration of Balearic birds, by using simulatioantbgraphic models with Leslie matrix
(Caswell, 2014).

Beyond the evolutionary history which accountedtfar species range as we know it
today, what does really shape migratory habitsspfre@ys across their extensive distributional
range, in current times? By plotting the mean tenapee of the coldest quarter of the year on
a globe map and, at the same time, the geograptfiistalbution of osprey populations, it is
striking to note how thermal gradients match witie trange of populations exhibiting
different migratory behaviours (Poole, 1989). Ogprare probably not affected directly by
cold temperatureger se but temperatures may indirectly influence migratdecisions at the
population-level. As a piscivorous bird, the ospiegtrictly dependent upon the accessibility
of fish which, being cold-blooded organisms, aresgé/e to thermal switches in the water
column (Brett, 1956). In the Northern Hemisphergpreys mainly breed in forested habitats
at freshwater sites; cold temperatures during wintay provoke the freezing of lakes and
rivers, preventing birds to plunge to access tlpeay, ultimately leading individuals to
migrate towards more temperate areas with unfrezgars. At temperate or tropical latitudes
instead, warmer conditions present year-round flgbguarantees the accessibility to water
bodies that do not freeze and the availability @fieblooded prey close to the water surface,
also in winter (Poole, 1989). Finally, at geographiplaces where intermediate conditions
occur (e.g. Baja California, Florida, Mediterraneamasts, Red Sea and Persian Gulf),
populations are partially migratory with short-diste migratory, or even resident individuals
(Martell et al, 2004). In these cases, partial erratism or regiorovements may be dictated
by local variations in food availability.
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Figure 11: Map of the globe representing: a) the Mean Tentpezaf Coldest Quarter (BKg), as downloaded from WorldClim — Global Climatet®a
(www.worldclim.org). Thermal gradients are reporteddifferent ranges of colours: blue from -50°Q0C, grey from 0° to +5° C, orange from +5° to
10° and red from +10° to +30°. b) Geographicalriistion of osprey populations around the worlditieal stripes are for breeding areas, skew lies f

wintering areas and green color-filled zones regareareas with resident or partially migratory plagans.
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At the scale of the Mediterranean, mean temperadmeng the colder period of the year
vary locally: for example, in the Balearic Islandgsuthern Spain and north African coasts
temperatures are >10° C on average, whereas alengptthern coasts of the Mediterranean,
in Corsica and central Italy mean temperatures<af® C (Fig. 12). Interestingly, we found
that a higher proportion of tagged adults (80%) neheesident in Balearics compared to
Corsica and Italy where only 33.3% of tagged addits not migrate. Therefore, migratory
decisions could be dictated and regulated by leeadther conditions during the year, and

especially during the coldest period.

Figure 12: Mean temperatures
of the colder quarter of the year
(BIO;;)) in the Western

Mediterranean  basin  and
distribution of local osprey

populations (green color-filled
zones). Colour code refers to
temperatures as in Fig. 11.

Historically, climate change has led to shifts imepology in many species, ultimately
shaping their distribution and life histories (egtacial periods) (Visser & Both, 2005). Since
the last decades, we are currently experiencingl@abwarming process that starts to trigger
shifts in the phenology of species, with importanblogical effects on habitats and living
organisms (Waltheet al, 2002). What hence could we expect for osprey agtatory
organisms in general, in the near future? One casslme that migratory animals are
resilient to climate change because of their higibifity which allows them to travel towards
more suitable climates (Crick, 2004). Notwithstamglithe life cycle of a migratory species is
complicated by the fact that individuals deal wattwide range of factors encountered over
long-distance journeys encompassing vast geograguieias and a broad set of ecological
conditions (Knudsemet al, 2011; Studds & Marra, 2011; Marea al, 2014). Such complex
life-system prevents from clearly predicting bidltaj responses and vulnerability of
migratory populations to large-scale changes imale, and from designing anticipatory

conservation measures. However as a general stateome can forecast that migratory
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populations may turn into partial migratory or tesit ones according to the general warming
process characterized by the gradual increase ahnemperatures towards higher latitudes.
Many studies demonstrated the association betwkengbogical shifts (e.g. departure dates,
stopover frequency, duration of the migratory jaynand recent climate change (Gordo,
2007; Marraet al, 2005). The variation of temperatures and ecolgionditions may re-
shape the spatial distribution and temporal avditalof resources, and consequently affect
migratory habits of individuals and populationg (ithe acquisition of optimal body condition
during the days preceeding departure; Gordo, 2007ler et al, 2008). But where will
future climate change have the greatest influencaimal populations? How species with
different ecological requirements will respond t® To what extent will their populations be
affected and at what stage of the annual cycleditinfately, there is a lot of uncertainty
among climate models predicting patterns of specifianges (Alleret al, 2000; Tebaldet

al., 2005). For this reason, assessing climate chandygerability in migratory species
requires a methodological approach which takegulh@nnual cycle into account, and which
embraces the complexity of species-specific lifstdries, so being applicable to many taxa

and geographical regions, and ultimately using Hipte scales-set of investigations.

In the specific case of osprey, as it seems thajraion and wintering in the
Mediterranean basin are risky stages (especialllggmorth African shores and interior lakes
and rivers where several of our tracked birds deddisappeared), an increase of mean
temperatures in the region would lead ospreys ttoine more sedentary and stay nearby
their breeding sites, where mortality seems to éxy Yow. This could increase the survival
prospect of local populations, even if it is ditficto foresee to what extent other factors such
as density, local threats and resource availabaitycontribute to depict the future scenario
of the osprey in the Mediterranean.

In conclusion, this study is structured to be adgowdel also for studying other species,
which share similar characteristics and ecologasglects during the life-cycle, such as large
migratory birds (e.g. raptors, storks and cranesyenting a wide distributional range. For
example, migratory birds deserve a multi-scale amdti-populations study approach to
achieve sound conservation goals. They indeedegltmag long-distances across different
regions, habitats and political boundaries, aremtwlly threatened by a multitude of factors
which affect the survival and persistence on lagrgat of their populations (Newton, 2010).
Evolutionary tracts and adaptive behaviours neebtietaleeply investigated, namely in the
optic of recent rapid changes. In this sense, iadatry adopting a multiscale integrated
approach on targeted species to have a more campkt that allows understanding their

evolutive histories, genetics and population litiitas, to ultimately advice on their
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conservation. This is true especially for those ydaions living within human exploited
environments and/or fragmented habitats for theoritgjof the year cycle, where a lot of
threats or ecological constrains are present. Thditérranean is one of the most exploited
regions and hosts high values of biodiversity, thasg a good area where interesting case
studies are worth to be tested. Migratory bird patons living at these latitudes (e.g.
Mediterranean) would have evolved specific behagoand may possess unique genetic
pools consequence of ancient glacial periodstfigse areas functioned as glacial refugia for
many species of mammals and birds during glaaiasi Vilagaet al, 2014; Hewitt, 2000).
Furthermore, populations confined in marine islarale notoriously of great interest because
influenced by a persistent ecological barrier sashhe sea which can refrain individuals to
cross it and abandon the island (from which areefoee highly dependent). Large migratory
raptor and stork populations are interesting is #@nse because of their reluctance to cross
large water bodies (for the absence of thermaleaisrat sea), and would be compared with
non migratory species (such as vultures for exameunderstand how they have been
adapted in leaving (or not) islands and what impeetcan now observe on the dynamics of

their populations, to ultimately design approprig@&nagement programs.
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Detailed list of samples indicating: sample labegoslbspecies according to morphology classifinatountry of collection, locality, sample type &p
toepad; wb = wet blood; db = dry blood; ft = feathis = fasta sequence), codes, gene bank numiession for cyt b and ND2 and name of the
institution and/or collector (with affiliation).
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Additional file 2: DNA amplification

Cytochromeb and ND2 primer names and sequences for amplificatnd sequencing.
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Additional file 3: Mismatch distributions

Mismatch distributions observed in osprey sampled axpected in expanding and/or

bottleneck populations. Distributions were calcedafor the whole Pandion dataset and for
each lineage.
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Additional file 1:
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Mean values ofigratory parameters for Western Palearctic osprey®rted for both seasons and age classes.
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Additional file 2:

Origins, category (see materials and methods) andtibn of both

secondary feeding sites and wintering grounds oftéfa Palearctic ospreys. * represents

individuals for which migration was not complete Y¢chen bird died).
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Additional file 1: Details of theGLMMs performed on the breeding parameters of the

Corsican osprey population.
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Additional file 2.  Estimates of foraging home ranges (UD95%) and tanaging areas

(UD50%) of adult ospreys on the west coast of @arsaccording to sex, year and monitoring

period.
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Introduzione

La biodiversita (intesa come diversita di organianivello di specie, di individui, di geni e di
ecosistemi) € continuamente minacciata sia da psooaturali sia antropici (Primack, 2000).
Mentre i primi operano su lunghi periodi di temgoyante i quali gli ecosistemi riescono a
ripristinare gli equilibri iniziali o a stabilizzar gradualmente su nuovi equilibri, i secondi
avvengono rapidamente, modificando spesso in mwdweirsibile gli ecosistemi e i processi
ecologici. Le minacce maggiori alla biodiversita rideno dunque prioritariamente
dallimpatto delle attivita umane sull’ambiente. INeorso degli ultimi decenni molti
organismi si sono estinti, molti habitat hanno sulrastiche modifiche e/o stanno soffrendo
rapidi processi di deterioramento. Per questo grmmi di conservazione e le azioni di
gestione improntati su piu scale spaziali rivestanamportanza fondamentale per assicurare
la protezione della biodiversita. A causa dell'isgibilita di preservare tutte le aree naturali e
le specie esistenti, i piani di conservazione siosspesso concentrati su habitat ad alta
priorita o singole specie (Neel, 2008). Tuttavieentne negli ultimi decenni il concetto di
biodiversita si riferiva solamente alla ricchezzasgecie (e, dunque, ad un sistema di
riferimento statico e prevedibile; Poiagtial, 2000), piu di recente il concetto di biodiversita
e stato esteso ai processi evolutivi operantielléwvdi geni, popolazioni, specie ed ecosistemi
(Mestolo & Whittaker, 2011; Macet al, 2012). Di conseguenza, le attuali raccomandazioni
per la conservazione della biodiversita pongonttdiione sulla necessita di preservare dei
modelli ecologici dinamici, operanti a differentcade, considerando tutti i processi che
avvengono all'interno dei sistemi naturali (Richsod & Whittaker, 2010; Macet al, 2012).

La necessita di scegliere una scala spazio-teng@wdéguata € stata in gran parte
dettata da questioni pratiche legate all’habitadlle conservazione della biodiversita, ma
quale sia l'approccio teorico generale da seguiranéora fortemente dibattuto a livello
accademico (Dungart al, 2002). Dato che e impossibile prendere in comaiiene
I'insieme delle variabili naturali che contemporamente agiscono sui sistemi ecologici nello
spazio e nel tempo, un programma di conservazideguato dovrebbe mirare a scegliere le
variabili che restituiscono la massima prevedibjlidando priorita a quelle scale che
corrispondono a questo prerequisito. Ma qualeasgxéla giusta da scegliere dipende in parte
dalle questioni che si vogliono affrontare. Diffigdodi questo tipo si incontrano quando ci si
cimenta con lo studio di specie migratorie, chesmmono un ciclo vitale che include diverse
scale spaziali e temporali. La migrazione é unstgpoento periodico (stagionale) attraverso
il quale un organismo si muove periodicamente da tegione ad un‘altra per meglio

soddisfare le proprie esigenze fisiologiche ed @giohe durante una fase del proprio ciclo
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vitale (Dingle, 1996; Berthold, 2001). | grandi magpri possono percorrere grandi distanze
lungo rotte inter-continentali e attraversare mbkbitat diversi durante un intero ciclo di
migrazione (Newton, 2010). Nel corso dell’anno ipeéi migratori sono alternati dalle fasi di
riproduzione in primavera e di svernamento in ineerProteggere solo una parte di questo
complesso sistema vitale rischierebbe di comprareettii successo dei piani di
conservazione, a causa della possibilita che leaccm si verifichino ad altre scale spaziali e
temporali non opportunamente considerate. Comprerigeologia delle popolazioni animali
e pianificare misure di conservazione adeguateedehquindi la conoscenza dei meccanismi
che agiscono a diverse scale spaziali e tempaxai, come I'attuazione di metodi di ricerca
integrativi e approcci analitici differenti. In gste contesto, un valido approccio dovrebbe
cercare di: (1) selezionare una o pil specie clesgino servire da modello per numerose
altre specie con ecologia, storia evolutiva e/cattaristiche di distribuzione simili; (2)
sviluppare un approccio che consideri pil scalezigpae temporali contemporaneamente
(sensu Wiens, 1995), che abbia un dominio di applone specifico e limitato ed (3)
integrare questi due approcci (Wiestsal, 1993;. Collinset al, 1993).

In questa tesi ho deciso di seguire questo tipapgroccio, guidato dalla necessita di
rispondere a domande specifiche sulla storia ewal@d ecologia della specie modello presa

in esame.

La specie modello

Con una distribuzione mondiale, il falco pescat®amdion haliaetug considerato una delle
sei specie di uccelli terrestri, insieme all'airob&anco maggioreArdea alba l'airone
guardabuoiBubulcus ibis il mignattaioPlegadis falcinellusil barbagianniTyto albae il
falco pellegrinoFalco peregrinuscosmopolite (Newton, 2003a). Il falco pescatoreire
rapace di medie dimensioni che ha evoluto caratiehie fisiche particolari e un
comportamento finalizzato alla cattura dei pesgg gniche prede (Cramp & Simmons, 1980;
Poole, 1989). Essendo una specie specializzatdlmatesso tempo opportunistica, la dieta
comprende sia pesci d'acqua dolce che marini. Margl Nord America e Nord Europa la
specie e relativamente comune e nidifica sulla cthalberi in ambiente di foresta in
corrispondenza di ecosistemi d’acqua dolce, nelitdadneo il falco pescatore é strettamente
legato ad ecosistemi marini, nidificando sulle diepg a picco sul mare. In questa regione
biogeografica le strategie di migrazione del fajmscatore e le aree utilizzate durante la
stagione non-riproduttiva (siti di svernamento) remmo mai state indagate con precisione.
Con meno di un centinaio di coppie riproduttivetriisiite tra la Corsica, le Isole Baleari, il
Marocco e I'Algeria, il falco pescatore del Meditareo risulta un’entita fragile dal punto di
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vista conservazionistico. Negli ultimi decenni ngoa antropiche hanno portato la specie
sull’orlo dell’'estinzione in molte parti d’Europaspecialmente nel bacino del Mediterraneo
(i.e. Spagna continentale, Italia e Portogallo; mi&n2008). A scala regionale la specie e

infatti considerata “in pericolo”.

STATUS LEGALE
Il falco pescatore € una specie particolarmentéefieoin Italia e in tutti i paesi europei.

Iscritta nell’'appendice 1 della Direttiva Europeer pa conservazione degli uccelli selvatici
(specie oggetto di misure speciali per la conseown&z in particolare per cio che concerne |l
loro habitat: Zone di Protezione Speciale), isentell'allegato 2 della Convenzione di Berna
(specie faunistica particolarmente protetta); isalnell’allegato 2 della Convenzione di Bonn
relativa alla conservazione delle specie migratiispecie in stato di conservazione
sfavorevole, che necessita l'adozione di misurer@ppate) e nell'allegato 2 della

Convenzione di Washington sul commercio internaa®ndi specie di fauna e flora

selvatiche minacciate di estinzione (CITES) (spacieacciata di estinzione, il commercio &

vietato all’interno e all’esterno dell’'Unione Euexg).

Essendo una specie cosmopolita e migratrice, dofgescatord?andion haliaetus
rappresenta un buon modello di studio per investigaame adattamenti comportamentali
evolutisi in popolazioni geograficamente distaninaliverse condizioni ecologiche, possano
aver condizionato l'attuale distribuzione geogiafla divergenza genetica, la connettivita e le
strategie migratorie e di alimentazione delle slagmpolazioni. Per meglio indagare questi
aspetti, questo studio ha adottato un approccidigmsdiplinare, articolato su diverse scale
spaziali e temporali. Le discipline di cui ci siagvalsi spaziano dalla ecologia molecolare,
I'ecologia trofica valutata attraverso I'analisgliésotopi stabili, I'ecologia spaziale attraverso
l'uso di innovativi strumenti di biotelemetria, ca®me l'analisi di dinamica di popolazione, i
censimenti di specie ittiche e le valutazioni delli di disturbo antropico.

Il progetto é strutturato seguendo un approccio-regmnale, attraverso 3 diverse scale
spaziali: livello globale, regionale e locale. Afitesso tempo, questo progetto é stratificato su
3 scale temporali, con diversi livelli di risolun@: tempi evolutivi, storici e recenti. Seguendo
un approccio a differenti scale spaziali e tempopgsale cercato di rispondere alle seguenti

domande:
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Scala globale e tempi evolutivi

- Qual ¢é il grado di divergenza genetica tra legtaponi falco pescatore e qual € la storia
evolutiva della specie a scala mondiale?
- Qual € il grado di connettivita tra le popolaziarivello globale?

Scala regionale e tempi storici

- Esistono diverse strategie di migrazione peliverse popolazioni di falco pescatore nel
Paleartico occidentale? Quali?
- Dove trascorrono l'inverno i falchi pescatori ntedanei e dove si disperdono i giovani?

Scala locale e tempi recenti

- Qual ¢ l'intensita degli scambi tra le popolaziel bacino del Mediterraneo?
- | trend demografici delle popolazioni del Meditareo sono influenzati da variabili

ambientali e/o antropiche?

Articolo 1: Essere cosmopoliti: storia evolutiva e filogeogradi di un rapace specializzato,

il falco pescatore.

A livello globale, ho studiato la diversita genatiODNA mitocondriale) del falco pescatore
con lo scopo di chiarire la struttura filogeografie lo status tassonomico della specie. E stato
proposto un ipotetico scenario evolutivo che spiegame la distribuzione e la
differenziazione della specie abbia avuto luogmme un rapace cosi specializzato sia stato
in grado di colonizzare la maggior parte del globdalco pescatore é risultato strutturato in
quattro gruppi genetici principali, distribuiti gjuattro aree geografiche differenti (America,
Indo-Australasia, Europa-Africa e Asia). Ogni ligggo evolutivo, pur comprendendo
individui di popolazioni provenienti da aree gedgfae molto distanti, ha mostrato una
scarsa variabilita genetica interna. Al contratoa grande differenza nucleotidica € stata
registrata tra i quattro lignaggi. Le ricostruziatemografiche suggeriscono che tre delle
guattro linee evolutive presentano trend stabilicaratterizzati da lievi incrementi. Le
datazioni molecolari hanno stimato che la scissioingale tra i vari lignaggi possa essere
fatta risalire a circa 3,1 milioni d'anni fa, duran Pliocene. Questo studio suggerisce quindi
uno scenario evolutivo di colonizzazione a partied continente americano (dove la specie
sembra essersi verosimilmente originata) verscetc¥iio Mondo, passando per lo stretto di
Bering. Periodi glaciali sfavorevoli avrebbero jpoirtato la specie a spostarsi verso zone piu
miti: dall’Asia quindi il falco pescatore avrebbel@nizzato prima I'lndonesia e I'Australia
(rimanendovi isolato per molto tempo) per poi, aieai successivi periodi interglacial,
colonizzare l'est asiatico (Siberia e Giapponea)ttotil Paleartico occidentale, attraverso due

218



ondate di coloniozzazione differenti. Le popolazidel Paleartico occidentale rappresentano
dunque l'ultimo stadio di tale storia evolutiva.irBportante sottolineare che, ogni lignaggio
evolutivo rappresenta una ESU (Unitd Evolutiva 8igativa) e dovrebbe quindi essere
trattato e gestito separatamente dalle altre pamwia provenienti da altri lignaggi. La
sistematica della specie (e anche della famigliadaidae) dovrebbe quindi essere rivista
alla luce di questi risultati recenti. Questo stutla apportato nuove conoscenze genetiche
essenziali per la gestione e le strategie di coazene della specie. Nell’ambito di progetti
di ripopolamento/reintroduzione suggeriamo di éff@te traslocazioni utilizzando
popolazioni appartenenti allo stesso clade di negin altre parole, traslocazioni in Europa

non dovrebbero utilizzare individui provenientildaAmeriche, Oceania e Asia orientale.

Articolo 2: Connettivita tra popolazioni di falco pescatore rivelate mediante tecniche di

genotipizzazione: un approccio multi-scalare usandomicrosatelliti.

La variabilita e la struttura genetica delle popaai di falco pescatore sono state studiate
usando marcatori genetici del DNA nucleare (miclst). Venti loci microsatellitari sono
stati analizzati su un totale di 200 campioni progati da tutto il mondo. Lo studio di
genetica di popolazione mediante l'utilizzo di nosatelliti ha confermato I'esistenza di
almeno tre dei quattro gruppi individuati con I'isiadel DNA mitocondriale. Popolazioni
provenienti dallAmerica, Australia e dal Paleastisono risultati essere isolate tra loro,
formando quindi dei gruppi non connessi da flussoigp. Vaste barriere geografiche, come
ad esempio le distese oceaniche, possono averittavdsolamento di questi gruppi,
impedendone la connettivita. Al contrario, nel RBdieo abbiamo trovato che popolazioni di
falco pescatore, anche geograficamente distamtq parzialmente connesse da flusso genico.
Tuttavia, quest’ultimo gruppo ha presentato unhidie sub-strutturazione in due entita
distinte (Europa continentale vs regione Meditezegn Nonostante scambi occasionali a
livello del Paleartico dovuti ad eventi di disperse, la forte sub-strutturazione porta a
pensare che le popolazioni di falco pescatore dwene a latitudini diverse abbiano
sviluppato delle informazioni genetiche specificRertanto, popolazioni del Paleartico, pur
appartenendo allo stesso clade evolutivo (a livelt®DNA), presentano diversita recenti a
livello dei geni nucleari. Nel Mediterraneo, inelti'assenza di ulteriore strutturazione sembra
indicare che le popolazioni di questa regione sooonesse tra di loro. In questo senso,
comportamenti come la dispersione, la migraziotefadopatria potrebbero quindi aver agito
contemporaneamente, plasmando la struttura gereetecaiversita delle diverse popolazioni.

Una migliore comprensione di questi comportameng& sesa quindi necessaria in quanto
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potrebbe contribuire a ricostruire la dinamica @efiopolazioni, fornendo informazioni
essenziali per la gestione e la conservazione dgllecie, in particolare nell'area del

Mediterraneo.

Articolo 3: Migrazione scala-dipendente: effetti spazio tempoila contrastanti tra

popolazioni e classi d’eta nel falco pescatore.

Oltre ad una differenza di struttura genetica nale&tico, abbiamo anche trovato forti
divergenze nelle strategie migratorie adottate qGamtaquattro falchi pescatori provenienti
da popolazioni scandinave (Svezia) e mediterrari@ersica, Baleari, Italia) sono stati
monitorati grazie all'ausilio della telemetria datare (GPS): un totale di 70 tracciati ottenuti
hanno permesso di indagare la variazione del camapento migratorio lungo un gradiente
latitudinale, in individui di diverse classi di etdin relazione ad una vasta gamma di fattori
ecologici (come ad esempio la presenza di bargeografiche i.e. il Mar Mediterraneo, 0O i
venti, ecc). In particolare, abbiamo scoperto clhendividui del Nord Europa (i.e. Svezia)
mostrano un comportamento migratorio relativamemmgeneo, compiendo lunghi viaggi
migratori (ca 6000 km) attraverso I'Europa, passamr lo Stretto di Gibilterra ed
attraversando la grande barriera del deserto dbBhr8aprima di raggiungere i siti di
svernamento sulle coste occidentali dell’Africa Qdhariana. | falchi pescatori del
Mediterraneo, invece, hanno mostrato un comportéampiu diversificato ed eterogeneo,
tipico di una popolazione parzialmente migratricd6% degli individui monitorati € rimasto
presso i siti di nidificazione durante tutto 'ansenza migrare (residenti), 15.5% ha compiuto
brevi spostamenti (<500 km) ed il restante 38.5%nlhgrato percorrendo distanze maggiori
(ca. 1000 km). I siti di svernamento sono comuncpi®cati principalmente nel bacino del
Mediterraneo. | falchi mediterranei che hanno mprteso una migrazione hanno eseguito
lunghi voli non-stop sul mare aperto, cosa che ®orstata osservata negli individui
scandinavi. La maggior eterogeneita nella scelle dette migratorie, nelle date di partenza e
nei siti per lo svernamento osservata nella popai@mediterranea potrebbe essere dovuta
alla presenza di condizioni ecologiche piu favotewella regione Mediterranea durante
I'anno. All'interno di ciascuna popolazione abbiamutato che individui adulti sono in grado
di percorrere maggiori distanze giornaliere, sedoerotte meno sinuose rispetto a quelle
osservate per individui di giovane eta, suggeremuiadi che le prestazioni migratorie sono
fortemente condizionate dall'eta e migliorano casperienza acquisita nel tempo (Sergio
al., 2014). | giovani hanno inoltre mostrato capacititte nell'utilizzare correnti e venti

favorevoli per attraversare i tratti di mare apeNel complesso, il nostro studio dimostra che
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la conoscenza dettagliata dei flussi migratori &edie scale spazio-temporali € di
fondamentale importanza per la progettazione demipdi conservazione e per la gestione

delle popolazioni vulnerabili di specie migratorie.

Articolo 4: Plasticita comportamentale nell’ecologia invernaledel falco pescatore del
Mediterraneo come rilevato dalle analisi di isotopistabili @ monitoraggio con telemetria
GPS.

Per comprendere 'ecologia invernale dei falchicagsri del Mediterraneo abbiamo usato un
duplice approccio complementare, utilizzando simdnitoraggio mediante telemetria GPS,
sia l'analisi degli isotopi stabili a partire danggioni di piume. Inizialmente sono state
campionate le piume di circa 80 individui proveniata popolazioni diverse, lungo un vasto
gradiente latitudinale (dalla Lapponia all'Africa),fine di valutare la variabilita negli isotopi

stabili di carbonio, azoto e zolfo3C,, 15N e, 34S): cié ha permesso di distinguere i vari
siti di riproduzione e i differenti tipi di habitalelle popolazioni del Paleartico occidentale. Le
analisi isotopiche sono state poi ripetute su umpiane sperimentale di 18 falchi adulti

provenienti dalla Corsica, per stimare la latit@ddei siti di svernamento ed il tipo di habitat
utilizzato durante il periodo invernale. Inoltre fé#lchi pescatori adulti sono stati dotati di
dispositivi GPS e monitorati durante la migrazianéo svernamento. Combinando le due
tecniche abbiamo confermato che la popolazione ftdednea € una popolazione
parzialmente migratoria, con individui sia residecthe migratori. | falchi pescatori del

Mediterraneo hanno trascorso linverno a latituderperate (i siti di svernamento sono
risultati essere dislocati lungo le coste di divgra@esi del bacino del Mediterraneo, e non
concentrati in un'unica zona) e hanno mostrato on@acata plasticita nella selezione
dell'habitat, facendo uso di baie marine, lagunstiere e paludi o siti d’acqua dolce

dell’entroterra. | movimenti giornalieri e gli homiange sono risultati ridotti nel corso della
stagione invernale. Tale plasticita comportamentaier-individuale nella scelta del luogo e

del tipo di habitat suggerisce la necessita di tad®tun approccio a larga scala per la
protezione del falco pescatore nel periodo invernBler contribuire a garantire un giusto
livello di conservazione delle popolazioni di falpescatore del bacino del Mediterraneo é
dungue necessaria una armonizzazione dei protat@gstione delle zone umide tra i diversi

paesi interessati.
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Articolo 5: Il prezzo del successo: impatto negativo di un aremarina protetta su una

popolazione di rapace emblematico del Mediterraneo.

Negli ultimi decenni, il disturbo arrecato alla feuselvatica da parte delle attivita umane é
diventato una delle principali preoccupazioni pkiologi conservazionisti. Nel Mediterraneo,
in particolare, il turismo nautico e le relativetiata ricreative sono andate aumentando
rapidamente negli ultimi anni, soprattutto all'ime delle aree marine protette (AMP) dove si
registrano i maggior livelli di biodiversita in tami di habitat e specie. In questo studio
abbiamo studiato l'impatto dell'area marina prateti Scandola (Corsica, Mediterraneo
centrale), sulla popolazione di un rapace emblamati falco pescatore. Analizzando i dati
lungo un periodo di 37 anni si € riscontrato ilguirsso conservazionistico secondo il quale i
parametri riproduttivi delle coppie nidificanti ‘alterno dell’area marina protetta hanno
subito un decremento significativo rispetto a quelyjistrati per le coppie nidificanti nel resto
della Corsica, all’esterno dell'area protetta. Afitesso tempo, i flussi turistici (humero di
barche e turisti) sono andati aumentando rapidansoprattutto all'interno della riserva.
Grazie ad un’analisi della distribuzione della rsotrofica mediante 98 transetti in kayak e
videoregistrazioni subacquee dentro e fuori larviseabbiamo potuto constatare che tale
paradosso non é causato da un deficit alimentdlfieteano della riserva infatti abbiamo
registrato una maggior biomassa e pesci di tagliagmnde rispetto ai siti di riproduzione
esterni alla riserva. Al contrario, uno studio dgliato del traffico nautico effettuato tra il
2013 e il 2014 ha rivelato che il numero complessivpassaggi d’'imbarcazioni turistiche e i
passaggi a distanze inferiori ai 250 m dai nidicdapescatore sono significativamente
maggiori all'interno della riserva di Scandolgego alle zone di controllo esterne. Infine,
ripetute osservazioni comportamentali dei falchsgatori al nido, secondo un protocollo di
monitoraggio effettuato tra il 2012 e il 2014, hardimostrato che il traffico nautico locale
modifica in modo significativo itime budgetgiornaliero, riducendo la percentuale di prede
riportate al nido dai maschi, e aumentando il tetngscorso dalle femmine in comportamenti
di allarme. Nel complesso, quindi, la nostra vaigae integrativa di analisi demografiche,
ecologia del movimento (analisi di tracciati GP8§plogia comportamentale ed indagini
sull’abbondanza delle prede dimostra chiaramentapdtto del turismo locale sulla
popolazione di falco pescatore. Questo studio ko#® I'importanza, a livello mondiale, di

attuare rigorose misure di ecoturismo sostenibile.
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Articolo 6: Status e minacce della popolazione vulnerabile dalico pesactore del Parco

Nazionale di Al Hoceima (Marocco).

La maggior parte delle aree storiche di distribneialel falco pescatore nel Mediterraneo
sono andate perse e alcune popolazioni locali 30 sstinte a causa del disturbo e della
persecuzione diretta. Anche se delle azioni diigestdiretta hanno consentito a livello locale
un parziale recupero di alcune popolazioni, la pegone mediterranea é attualmente
composta da poche decine di coppie nidificanti ,guee questo, considerata come un’entita a
rischio sotto il profilo conservazionistico. Unoglieultimi nuclei riproduttivi si trova lungo le
coste Nord-africane del Marocco e dell'Algeria. fjuesto lavoro riportiamo nuove
informazioni sulla popolazione di falco pescator @arco Nazionale del Al Hoceima
(Marocco). | dati raccolti durante le missioni ¢fifete nel 2012 e 2013 sono stati confrontati
con i dati storici raccolti durante il periodo 198390, al fine di stimare il trend demografico
della popolazione nel corso delle ultime decadi.pbuticolare, abbiamo registrato una
riduzione del numero di nidi e delle coppie riprtiche ed una diminuzione generale della
popolazione del 35,7%. In questo lavoro, riportiamatre le principali minacce individuate
durante le missioni di campo: la popolazione nodifite di falco pescatore del Parco
Nazionale d’Al Hoceima é localmente minacciata tavith umane impattanti quali la pesca
per mezzo della dinamite e/o con sostanze velef@se solfato di rame) e la pesca a
strascico lungo costa. In questo contesto, so#iamo 'urgenza di pianificare misure urgenti
di gestione per la protezione di questa popolazianeerabile, alla luce di una strategia di
conservazione della specie anche a livello delnmadel Mediterraneo.

Articolo 7: Reintroduzione del falco pescatore in Italia centrke: dispersione,

sopravvivenza e primi dati di nidificazione.

In questo articolo presentiamo i risultati dellenpr fasi di dispersione giovanile e le stime
dei tassi di sopravvivenza di individui di falcosgatore traslocati nell’ambito di un progetto
di reintroduzione della specie in ltalia. Tra il0®e il 2010, 32 giovani falchi pescatori sono
stati reintrodotti mediante la tecnica dell’hackiad)’interno del Parco Regionale della
Maremma. Attraverso analisi di cattura-marcaggoattura abbiamo valutato gli effetti
dell'eta sulla sopravvivenza. | movimenti esplatiagi di dispersione invece sono stati studiati
mediante telemetria tradizionale ed utilizzando datriletture di anelli. La disperisone é
risultata essere sbilanciata in funzione del sdssdistanza media percorsa € stata maggiore

per le femmine (246,2 km) che per i maschi (38,7.Koa sopravvivenza invece € mutata
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secondo un effetto eta-dipendente: i valori sosoltati essere maggiori per individui giovani
nei primi mesi dopo il rilascio (0,87), minimi peti individui giovani al primo inverno
(0,26), e relativamente migliori negli anni suceé@sssopravvivenza apparente annuale di
0,69 per immaturi e di 0,93 per gli adulti). Tasiultati hanno fornito informazioni importanti
sulla dispersione e sul tasso di sopravvivenzaaldht pescatori reintrodotti. Nonostante il
basso tasso di sopravvivenza apparente registiatani@® il primo anno, gli alti tassi di
sopravvivenza riscontrati in individui immaturi eadulti suggeriscono la presenza di
condizioni locali favorevoli per questa popolaziotienuovo insediamento. Lo studio dei
parametri demografici e della dispersione sondtesumportanti per calibrare le azioni di
gestione finalizzate alla creazione di una nuovpofazione. In tal senso, i primi eventi di
riproduzione (2011-2014), rappresentano, dopo cl&anni d’assenza, il ritorno di questa
specie sul territorio italiano. L'obiettivo primaridel lavoro dei prossimi anni sara quindi
favorire un incremento graduale del numero di ceppdificanti nella Toscana meridionale,

al fine di creare una popolazione in grado di adstenersi nel tempo.

Conclusioni

Questa ricerca ha dimostrato come un approcciotdasa un analisi spazio-temporale
dipendente possa essere efficace in ecologia edwotiella conservazione, mostrando anche
che tale metodologia di ricerca richiede I'applioaez congiunta di tecniche di campo e di
laboratorio, attraverso la consocenza di una vgarmama di discipline che vanno dalla
biologia molecolare a considerazioni di tipo soeamnomico. Nel complesso, questo lavoro
ha portato ad alcuni importanti progressi per lagbografia della conservazione del falco
pescatore nel Mediterraneo occidentale, in Europadentale e a scala mondiale. Queste
nuove informazioni sono particolarmente utili peragto riguarda la gestione efficace di

questa specie emblematica.

Sulla base di differenze comportamentali e di uffarénte strutturazione genetica del DNA
nucleare, si suggerisce di valutare soluzioni d$pbe nella gestione delle differenti
popolazioni: in particolare pensiamo che il rigrist delle popolazioni limitate, o la

ricostituzione di nuclei per mezzo di programmi introduzione o ripopolamento
dovrebbero fare uso principalmente di inidividuieati la stessa origine e presentanti
caratteristiche analoghe evolutesi sotto circogtarnbientali simili. Infatti, i programmi di

reintroduzione sono finalizzati a ricostituire lepmlazioni selvatiche a livelli sostenibili con

caratteristiche biologiche identiche alla popolagi@riginaria. Nel caso del falco pescatore,
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popolazioni migratrici a lunga distanza caratteatezda specifiche informazioni genetiche
non dovrebbero essere prioritariamente utilizzaterjgostruire popolazioni della regione del
Mediterraneo e delle isole atlantiche, dove le peioni locali mostrano struttura genetica e
comportamento differenti. Interventi umani inaddgyessono provocare modificazioni in

gueste popolazioni e produrre cambiamenti che oo @ sintonia con i processi evolutivi

naturali, né con la matrice dell’habitat locale. dJoorretta strategia di conservazione
dovrebbe mirare non solo a garantire un rapido pex@u della popolazione, ma anche a
preservarne le caratteristiche migratorie per nmaariel'integrita della popolazione nativa.

Nel Mediterraneo, dal momento che le aree di sveemto del falco pescatore non
risultano essere concentrate in un'unica area (cadhesempio il mare di Wadden o la
Camargue che coistituiscono i principali siti desvamento per molti limicoli ed acquatici
del Nord Europa), ma sono ampiamente distribuitgdule coste della parte occidentale del
bacino del Mediterraneo (ltalia, Nord Africa, Framce Spagna), si ritiene necessaria
un’armonizzazione dei protocolli di gestione di sigearee umide. La gestione di questa
specie richiede quindi uno sforzo congiunto traariwaesi del Mediterraneo. A livello
regionale quindi, si consiglia [istituzione di unéondazione internazionale per la
conservazione della specie e / 0 la creazione aispecifica rete di specialisti che sorvegli le
azioni di gestione e gli aspetti di protezione lbo&i vari paesi, collaborando unitamente.
Prime concrete collaborazioni tra la Francia,lldtda Spagna e il Marocco sono state avviate
nell’ambito di questo progetto di dottorato, maeritiri azioni e relative decisioni dovrebbero
essere attivate nell'ottica di un futuro networkemgpivo per la conservazione del falco
pescatore in tutto il bacino del Mediterraneo.

Piu in particolare i risultati ottenuti nel corsd guesto dottorato possono essere
utilizzati per implementare la gestione e le sg@eali conservazione della specie a scala
locale.

Facendo riferimento ai tre casi specifici nel Medi#neo, alcune considerazioni
pratiche possono essere delineate. In Corsican guhiticolare nella Riserva Naturale di
Scandola, risulta necessario limitare il traffigorgaliero di barche, regolando gli accessi e il
numero di visite consentite, al fine di ridurre rainimo il disturbo ai falchi pescatori,
soprattutto nel periodo di riproduzione. Non dowebessere consentito alle barche di
avvicinarsi alla costa di fronte ai nidi. Sarebbwlire opportuno rispettare una zona
cuscinetto (minimo di 300 m di raggio) al fine ditare qualsiasi disturbo di falchi pescatori.
La vigilanza dovrebbe essere mantenuta alta pareli effetti negativi del traffico nautico.
Tali tipi di misure sono gia state attuate in alémee marine protette e hanno permesso

importanti miglioramenti delle comunita di uccellpesci.
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In Marocco, la vulnerabilita della popolazione llecastretta in una stretta striscia di
costa che e pesantemente sfruttata e disturbaattidiéd umane (ad esempio la pesca con la
dinamite) richiede urgentemente azioni di vigilarganorme adeguate, per una migliore
preservazione di questo nucleo riproduttivo.

Nellambito del progetto di reintroduzione italiarebno previste altre azioni di
gestione diretta. | gestori hanno pianificato taligzione di nuovi nidi artificiali in siti chiave
(ad esempio nelle isole dell’Arcipelago Toscanadre®ardegna) per favorire l'insediamento
di nuovi individui e favorire la ricolonizzazioneturale di aree adiacenti, al fine di sostenere

la popolazione del bacino del Mediterraneo.

In conclusione, questo studio € strutturato peeressn buon modello anche per altre
specie che condividano con il falco pescatore taratiche e aspetti ecologici simili, come i
grandi uccelli migratori ad ampia distribuzionei Gtcelli migratori necessitano infatti di un
approccio di studio improntato su differenti scalesu pid popolazioni per raggiungere
efficaci obiettivi di conservazione. Viaggiando lsnghe distanze attraverso diverse regioni,
habitat e confini politici, essi sono infatti posgimente minacciati da una moltitudine di
fattori che influenzano la sopravvivenza e la stesiza a lungo termine delle loro
popolazioni. Tratti evolutivi e comportamenti adé#iti devono essere quindi indagati in
dettaglio, soprattutto alla luce dei recenti camigati climatici globali. In questo senso, &
obbligatoria I'adozione di un approccio multiscaitegrato su specie modello per avere una
visione piu completa che permetta di comprenderstdeae evolutive, la genetica e i fattori
limitanti delle popolazioni, al fine di una lororcetta strategia di conservazione. Questo vale
soprattutto per le popolazioni che vivono in ambiammani sfruttati e / o in habitat
frammentati per la maggior parte dell'anno, dovespao essere presenti svariate minacce. |l
Mediterraneo € una delle regioni piu sfruttate iresto senso. Ospitando al contempo alti
valori di biodiversita, esso costituisce quindiinteressante contesto dove investigare casi di

studio di questo tipo.
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Introduction

La biodiversité (considérée comme la diversité daganismes au niveau de l'espece, des
individus, des genes et des écosystemes) est ounstat menacée a la fois par des processus
naturels ou d'origine humaine (Primack, 2000). alque les processus naturels agissent sur
de longues périodes de temps, au cours de ladasléxosystemes sont en mesure de rétablir
I'équilibre initial ou stabiliser progressivemenir sun nouvel équilibre, les perturbations
anthropiques se produisent rapidement, souvent fraoti de facon irréversible les
eécosystemes et les processus écologiques. Lesipatese menaces sur la biodiversité
résultent donc principalement de l'impact des #@étvhumaines sur I'environnement. Au
cours des derniéres décennies, de nombreuses egaesent éteintes, de nombreux habitats
ont subi des changements radicaux et/ou souffremirdcessus de détérioration rapide. Pour
assurer la protection de la biodiversité, il esteesiel de développer des programmes de
conservation et des mesures de gestion a plusiehedles spatiales. En raison de ressources
financieres limitées, il est impossible de consetwas les domaines naturels et des espéces
existantes, et de ce fait, les plans de conserva® concentrent souvent sur des habitat
hautement menacés ou sur quelques espéces, schaesmatiques, emblématiques ou avec
un rble particulierement structurant dans les étesyes (espéce clé de voute et/ou espéece
parapluie) (Neel, 2008). Cependant, tandis ques dies dernieres décennies, le concept de
biodiversité se référait uniquement a la richessespeces (et, par conséquent, a un systeme
de référence « statique » et relativement préwsiBbianiet al, 2000), plus récemment le
concept de biodiversité a été étendu a procesxlstiéy opérant également au niveau des
géenes, des populations, et des écosystemes (L&udtbittaker, 2011; Macest al, 2012).

Par conséquent, les recommandations actuelles owonservation de la biodiversité
insistent sur la nécessité de préserver des éeémsgstdynamiques, incluant la totalité des
processus opérant a différentes échelles (Richar@dhittaker, 2010; Macet al, 2012).

La nécessité de choisir une échelle spatio-temigoaeléquate a été largement dictée par les
problemes pratiques liés a chaque habitat et chagpece considérés séparément, mais
I'approche théorique générale a suivre est encorenfient débattue dans les milieux
académiques (Dungaet al, 2002). Comme il est impossible de considéreiséerble des
variables qui agissent simultanément sur les syet@mologiques naturels dans I'espace et le
temps, un programme de conservation devrait corereses efforts sur les variables qui
résument et appréhendent le mieux la complexile feinctionnalité des écosystémes. Mais le

choix de la bonne échelle dépend aussi en parigqdestions a traiter. Ces difficultés sont
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particulierement importantes dans le cas d’espatgsatrices, qui ont un cycle de vie qui
comprend plusieurs échelles spatiales et temperdlie migration constitue un mouvement
périodique (saisonnier) par lequel un organismald&alace régulierement d'une région a
l'autre pour adapter ses contraintes physiologiefuécologiques (Dingle, 1996; Berthold,
2001). Les grands migrateurs peut parcourir dedg®mrdistances le long des routes inter-
continentales et traverser de nombreux habitaf@rdiits cours d'un cycle de migration
(Newton, 2010). Au cours de l'année, les périodesnduvement migratoire alternent avec
des phases de sédentarité au moment de la regmydaat printemps-été et en hiver. Protéger
une partie seulement de ce systeme vital complegae de compromettre le succes des plans
de conservation, car les menaces survenant a ebaethelles spatiales et temporelles
pourraient ne pas étre correctement prises en eor@amprendre I'écologie des populations
animales et planifier des mesures de conservatioassite donc une connaissance suffisante
des mécanismes qui agissent a différentes écleghasles et temporelles, ainsi que la mise
en ceuvre de méthodes de recherche intégratives efpgeoches analytiques différentes. Dans
ce contexte, une approche valable devrait cheréhefl) sélectionner une ou plusieurs
especes qui peuvent servir de modéles pour beaud@upres especes dont I'écologie,
I'histoire évolutive et /ou les caractéristiquesdigribution sont similaires; (2) développer
une approche qui considére plusieurs échellesadpatet temporelles simultanémeseér{su
Wiens, 1995) et (3) d'intégrer ces deux approct\dsriset al, 1993; Collinset al, 1993).

Dans cette these, j'ai décidé de suivre cette a@heromotivée par la nécessité de répondre a
des questions précises sur I'histoire évolutivééeblogie d’'une espéce d’oiseau migrateur

menacée, le balbuzard péchandion haliaetus

Le modele balbuzard

Le Balbuzard pécheur est le seul représentant die ggandion, lui-méme unique genre de la
famille des Pandionidae, séparée des autres fanmikerapaces (Accipitridae, Cathartidae,
Falconidae). Avec une distribution mondiale, lebbabard pécheur est considéré comme Il'une
des six especes d'oiseaux terrestres cosmopalitess,que le héroArdea alba I'héron guard
beu Bubulcus ibis ibis falcinelleIbis falcinelle la chouette effraidyto albaet le faucon
pélerinFalco peregrinugNewton, 2003). Le Balbuzard pécheur est un ragaagrande taille
au régime exclusivement piscivore, qui a déveloples caractéristiques physiques et
comportementales particulieres pour la captureaisspn (Cramp & Simmons, 1980; Poole,
1989). Il demeure néanmoins opportuniste car sgime alimentaire comprend plusieurs
especes de poissons d'eau douce et marins vivasitder la surface de I'eau. Alors qu'en
Ameérique du Nord et en Europe du Nord, I'espéceradativement commune et niche au
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sommet des arbres dans des écosystemes d'eau tumabuzard en Méditerranée est
étroitement lié aux écosystémes marins, nichantlesurfalaises surplombant la mer. Les
stratégies de migration de balbuzards pécheuesetdnes utilisées au cours de la saison de
non-reproduction (sites d'hivernage) n’ont jamaés é&udiés précisement. Avec moins d'une
centaine de couples reproducteurs répartis ent@oitae, les Baléares, le Maroc et I'Algérie,
la population de balbuzard pécheur en Méditerraméte fragile. Au cours des derniéres
décennies, les menaces anthropiques ont condsitete au bord de I'extinction dans de
nombreuses régions d'Europe et en particulier dandassin méditerranéen (Espagne
continentale, Italie et Portugal; Dennis, 2008).I'échelle régionale, I'espece est en fait
considérée comme "en danger", bien qu’elle soitég&e en particulier dans tous les pays
européens.

Etant une espéce cosmopolite et migratrice, le Baltd pécheur constitue un modéle
biologique intéressant pour étudier comment lepiatians comportementales ont évolué
dans des populations géographiquement éloignéaanst différentes conditions écologiques
(entre I'Arctique et les tropiques). J'ai adoptéeuapproche multidisciplinaire, articulée
autour de difféerentes échelles spatiales et tertipsyeen utilisant des outils empruntés a
I'écologie moléculaire, I'écologie trophique (évedupar analyse des isotopes stables et
recensements des proies), I'écologie spatiale éléimtétrie), ainsi que la dynamique des
populations.

Le projet a été structuré selon trois échellesialeat difféerentes (niveaux mondial,
régional et local) et sur trois échelles de tenpmps évolutif, temps historiques et années
récentes). J'ai essayé de répondre aux grandesansesuivantes:

Niveau mondial et temps évolutifs
- Quel est le degré de divergence génétique easrpdpulations de balbuzard et quelle est

I'histoire évolutive de I'espéce a I'échelle molefaLa systématique actuellement utilisée
refléte t'elle cette histoire évolutive ?
- Quel est le degré de connectivité entre les @djauris a I'échelle mondiale?

Niveau régional et temps historiques
- existe-t'il différentes stratégies de migratiooup les différentes populations de balbuzards

dans le Paléarctique occidental?
- Quels sont les sites et habitats d’hivernagefisési par les balbuzards nichant en
Méditerranée?

Niveau local et années récentes
- Quelle est lintensité des échanges entre lesulpipns de balbuzards du bassin

méditerranéen et avec les autres populations Eenoes?
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- Les tendances démographiques observées danedeltions Méditerranéennes sont-elles
influencées par des contraintes environnementalesailes et/ou d’origine anthropique?

Article 1: Etre cosmopolite: phylogéographie et évolution d'unrapace spécialiste, le
balbuzard pécheur.

A partir de 200 échantillons de plumes et de sanélevés sur des balbuzards du monde
entier (sur des spécimens vivant ou de museée)effactué le séquencage de deux genes de
I’ADN mitochondrial pour étudier la diversité gémgte et la structure phylogéographique de
I'espéce. L’espéce est structurée en quatre graygesiques distincts, répartis dans quatre
régions du monde (Amérique, Indonésie-AustralasSigppe-Asie centrale-Afrique, et Asie
de l'est). A lintérieur de chaque lignée évolutiieien que couvrant de larges zones
géographiques, on remarque un relatif manque debitté génétique. En revanche, une
grande différence nucléotidique a été enregistagmples quatre lignées. Des reconstructions
démographiques suggérent que trois des quatreebgeént stables (tous a part le lignée
d’Asie), voire en légéres augmentation. Les datationoléculaires ont estimé que la
répartition initiale entre différentes lignées remerait a environ 3,1 millions d'années,
pendant le Pliocene. Nous proposons un scenaritutdvbypothétique pour expliquer
comment un rapace hautement spécialisé a été eagabtoloniser le monde entier. Nous
pensons que I'espéce est originaire du continerériaain (de part la position basale des
spécimens américains sur les arbres phylogénéjigesu’elle a colonisé I'Ancien Monde
via I'Asie en traversant le détroit de Béring. De&riodes glaciaires défavorables auraient
alors forcé l'espece a se déplacer vers des zomediraat plus clément: I'Asie, puis le
balbuzard serait descendu vers le sud, trouvangjeeén Indonésie et en Australie. Elle serait
restée isolée pendant une longue période gla@amat de reprendre une expansion vers le
nord pendant les périodes interglaciaires suivarntesemble qu’elle ait colonisé I'Asie de
I'Est (Sibérie et Japon) et tout le Paléarctiquadsntal, a travers deux routes de colonisation
distinctes, séparées par [I'Himalaya. Les populatiodu Paléarctique occidental
représenteraient donc la derniére étape de cedteirki évolutive. Surtout, chaque lignée
évolutive représente une ESU (Unité Evolutive Sigaiive) et devrait donc étre traitées et
gérée séparément des autres populations provereutred lignées. La systématique de
'espéce (et méme la famille Pandionidae) devra@&rg réexaminées a la lumiere de ces
nouvelles deécouvertes. Cette étude apporte des ehiesiv connaissances génétiques
essentielles pour les stratégies de gestion etodsecvation de l'espece. Dans le cadre de
projets de repeuplement / réintroduction, nous éraygs de limiter les translocations en

utilisant uniquement des individus appartenant pagulations issues de la méme lignée
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évolutive. En d'autres termes, des translocatiarngwrope ne devraient pas utiliser d’oiseaux

originaires d’Amérique, d’Océanie et d’'Asie de tEs

Article 2: La connectivité entre les populations de balbuzargécheur révélée par le
génotypage: une approche multi-échelle en utilisarites microsatellites.

La structure et la variabilité génétique des padjpaia de balbuzards ont été étudiées en
utilisant des marqueurs génétiques de I'ADN nuaégmicrosatellites). Vingt loci
microsatellites ont été analysés sur un total de &thantillons provenant du monde entier.
L’analyse par microsatellites a confirmé l'exisend'au moins trois des quatre lignées
identifiés par I'analyse de I'ADN mitochondrial {varticle 1). Les populations d’Amérique,
d'Australie et du Paléarctique forment trois graubien isolées les uns des autres, non reliés
par des flux de genes. De vastes barrieres gduqrags, comme les océans, ont
certainement favorisé l'isolement de ces groupescdhtraire, les populations de balbuzards
pécheurs du Paléarctique occidental, bien que gpbguement éloignées de plusieurs
centaines ou milliers de km, sont partiellemenies par des flux de génes. Cependant, ce
groupe Paléarctique présente une sous-structuraiordeux entités distinctes (Europe
continentale vs région méditerranéenne). Malgréédbsanges occasionnels, cette forte sous-
structuration conduit a penser que les populatidesbalbuzards pécheurs vivant a des
latitudes différentes ont développé une informatiénétique spécifique. Par conséquent, les
populations de Paléarctique, bien qu'appartendatraéme lignée évolutive (au niveau de
'’ADN mitochondrial, article 1), sont différentesu aniveau de genes nucléaires, et cette
différenciation a du se produire plus recemmenndla bassin Méditerranéen, I'absence de
structuration semble indiquer que les populatioascette région sont encore reliées entre
elles. En ce sens, les comportements tels quesfzerion, la migration et la philopatrie
pourraient donc avoir agi simultanément, pour fagoria structure génétique et la diversité
des différentes populations. Une meilleure compréiom de ces comportements est donc
devenue nécessaire, car elle pourrait aider a stéuore la dynamique des populations,
fournissant des informations essentielles pour datign et la conservation de l'espece,

notamment en Méditerranée.

Article 3: Variations spatio-temporelles du comportement migréoire entre populations

et classes d'age chez le balbuzard pécheur.

Suite aux différences constatées dans la strugeredtigue des balbuzards au sein du
Paléarctique, nous avons étudié si les stratégiesigration différaient entre le nord et le sud

de [I'Europe. Cinquante-quatre balbuzards de populst scandinave (Suéede) et de
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Méditerranée (Corse, lles Baléares, ltalie) ontsgigis a I'aide de la télémétrie par satellite
(GPS). Nous avons analysé un total de 70 trajetgataires qui ont mis en évidence un
comportement migratoire différent entre les indigdscandinaves et méditerranéens. Les
individus de I'Europe du Nord ont un comportemeigratoire relativement homogene, ce
qui rend les longs trajets migratoires (ca 6000 kmjavers I'Europe, a travers le détroit de
Gibraltar et en traversant la grande barriere dsedéSahara avant d'atteindre les sites
d'hivernage sur la cOte ouest de I'Afrique subsehae. En revanche les balbuzards
Méditerranéens montrent un comportement plus diieeret hétérogene, typique d'une
population partiellement migratrice. En effet, 4@ks oiseaux sont restés a proximité des
sites de nidification toute lI'année sans migresidients); 15,5% ont réalisé des courts voyages
migratoires (<500 km) et les 38,5% restant ont éngur de plus grandes distances (1296.5 +
740.9 km). Leurs sites dhivernage sont toujourgési dans le bassin méditerranéen. Les
oiseaux Méditerranéens qui ont entrepris une magratnt effectué de longs vols non-stop
(d’une durée maximale de 23 h) au-dessus de laatweg que de telles traversées maritimes
n'ont pas été observées chez les individus scavnendour la population Méditerranéenne,
la grande hétérogénéité dans le choix des routgsatuoires, des dates de départ et des sites
d'hivernage pourrait étre due a la présence deittmmgl écologiques plus favorables dans la
région méditerranéenne tout au long de l'annéeséwa de chaque population, nous avons
remargué que les individus adultes peuvent pancderplus grandes distances quotidiennes,
en suivant des itinéraires plus directs et moingeix que les jeunes oiseaux, ce qui suggere
que la performance de la migration est fortemefeictg par I'expérience acquise au fil des
années (Sergiet al, 2014). Les jeunes ont également montré une dapasiuite a utiliser
des vents porteurs et favorables pour traverserda Dans I'ensemble, notre étude montre
qgue la connaissance détaillée des flux migrat@rddférentes échelles d'espace et de temps

est cruciale pour la conception de plans de coasiervet de gestion des especes migratrices.

Article 4. Plasticité comportementale et écologie hivernale dbalbuzard pécheur en
Méditerranée détectée par I'analyse des isotopesabtes et la télémétrie GPS.

Pour comprendre I'écologie en hiver des balbuzardsant en Méditerranée, nous avons
utilisé une approche complémentaire, utilisant foile suivi individuel via la télémétrie par
GPS, et par l'analyse des isotopes stables a gatinantillons de plumes. Des plumes de 98
poussins de balbuzard issus de différentes popokatbnt été échantillonnées le long d'un
large gradient latitudinal (de la Laponie a I'Afra), afin d'évaluer la variabilité des isotopes
stables du carbone, de l'azote et le souffdC(d *°N et ,3'S). Cette analyse a permis de

distinguer les différents sites de reproductiotestdifférents types d'habitats utilisés par les
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populations du Paléarctique occidental. Les analisstopiques ont ensuite été répétées sur
un échantillon expérimental de 18 balbuzards asluliehant en Corse, pour tenter d’estimer
la latitude de leurs sites d'hivernage et le tyjpakitat utilisé pendant I'hiver. En outre 12
balbuzards adultes ont été équipés de balises G&®Sspivre leur migration et hivernage. En
combinant les deux techniques, nous avons confgqueéla population de Méditerranée est
une population partiellement migratrice, mélant defividus résidents et migrateurs. Les
balbuzards méditerranéens ont tous passé I'hiver des latitudes tempérées (répartis le long
des cotes de plusieurs pays du bassin méditerra@éean concentrés dans quelques zones).
lIs ont montré une grande plasticité dans la séledhabitat, utilisant des baies marines, des
lagunes cotieres, et des marais intérieurs. Lesvemants quotidiens et les domaines vitaux
ont été réduits au cours de la saison d'hiver. eCptasticité comportementale inter-
individuelle dans le choix du site d’hivernage et type d'habitat suggere la nécessité
d'adopter une approche a grande échelle pour taghian du balbuzard en hiver. Pour aider a
assurer un niveau approprié de conservation deslgams de balbuzards dans le bassin
méditerranéen, il est nécessaire d’harmoniser Esures de gestion des zones humides entre

les différents pays concernés.

Article 5: La rancon du succes: impact négatif du tourisme daune réserve naturelle
sur une population de rapaces emblématique de Méditranée.

Au cours des dernieres décennies, la perturbatiaeée a la faune par les activités humaines
est devenue une préoccupation majeure pour ledmbés de la conservation. En
Méditerranée, le tourisme nautique et les activitésréatives associées ont augmenté
dramatiquement depuis les années 1980, en pagticdins les aires marines protégées
(AMP). Nous avons étudié I'impact de l'aire marip@tégée de Scandola (Corse) sur la
population du balbuzard pécheur, embléeme de larvéséd'analyse des données sur une
période de 37 ans a montré un paradoxe de consernstlon lequel les paramétres de
reproduction des couples reproducteurs dans la zdee protection marine ont
progressivement diminué par rapport a ceux enrégigiour les couples reproducteurs dans le
reste de la Corse, en dehors de la zone protégés. IB méme temps, I'afflux de touristes (en
termes de nombre de bateaux) a connu une croissapicke, en particulier dans la réserve.
Grace a une analyse sur la répartition de la ressdwphigue (abondance de poissons de
surface) via 98 transects en kayak avec enregistremidéo sous-marin, nous avons trouvé
que ce paradoxe n’était certainement pas causarpdeficit alimentaire: la biomasse et la
taille des poissons sont supérieures dans la Eganvrapport au reste du littoral. Par ailleurs,
une étude détaillée sur la circulation des bateéaksée entre 2013 et 2014 a révélé que le
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nombre de bateaux touristiqgues passant a moins@en2des nids de balbuzards sont 2 fois
plus importants dans la réserve de Scandola pporagux zones témoin a I'extérieur. Enfin,
des observations comportementales des nids dezaathlentre 2012 et 2014, ont montré que
le trafic local des bateaux change de maniére fiigtive le budget quotidien de temps, en
réduisant le nombre de proies rapporté au nidegaréle, et en augmentant le temps passé par
les femmes en alarme. Enfin, a partir de plumeleyéés sur des poussins au moment de leur
baguage, nous trouvons des niveaux de corticogtdopn est une hormone de stress) 2.5 fois
plus élevés chez les poussins issus des zones taafa de bateau par rapport a des zones
plus calmes en Corse ou ailleurs (ltalie, Baléar&lpbalement, donc, notre analyse
combinant un bilan démographique, I'écologie degepr les observations comportementales
et les hormones de stress suggére un fort impadbwuhisme sur la population locale de
balbuzard pécheur. Cette étude souligne lI'impoetadans le monde, la mise en ceuvre de

mesures strictes afin de mettre en place un édgstoerdurable.

Article 6: Statut et menaces de la population vulnérable du flauzard pécheur du parc
national d'Al Hoceima (Maroc).

La plupart des zones de distribution historiqueBdibuzard en Méditerranée ont été perdues
et certaines populations locales se sont éteintagmison de persécutions directes. L'un des
derniers noyaux de reproduction est situé le lan¢pccote de I'Afrique du Nord au Maroc et
en Algérie. Dans ce travail, nous rapportons develtes informations sur la population de
balbuzard pécheur du parc national d'Al Hoceimar@/dp Les données recueillies au cours
des missions effectuées en 2012 et 2013 ont étépar@s avec les données historiques
recueillies au cours de la période 1983-1990, diastimer I'évolution démographique de la
population au cours des derniéres déecennies. Eieydar, nous avons constaté une réduction
du nombre de nids et couples reproducteurs et immwtion globale de la population de
35,7%. Les principales menaces pesant sur cettelgimm de balbuzard sont les activités
humaines comme la péche a la dynamite et/ou avesuestances toxiques (par exemple le
sulfate de cuivre), plongée péche sous-marineugation par les bateaux a moteur (jet-ski)
et le chalutage le long de la cb6te. Dans ce comterbus soulignons la nécessité
d’entreprendre un plan d'action pour la protectlercette population vulnérable, a la lumiére

d'une stratégie de conservation de l'espece aaunhe bassin méditerranéen.
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Article 7: Réintroduction du balbuzard pécheur dans le centrade I'ltalie: dispersion,
survie et premiéres données de nidification.

Dans cet article, nous présentons les résultatslasiwurvie et la dispersion des jeunes
balbuzards pécheurs relachés dans le Parc Nataggbial de la Maremma, dans le cadre
d'un projet de réintroduction de l'espece en ltddietre 2006 et 2010, 32 jeunes balbuzards
prélevés dans des nids en Corse ont été relachda fechnique du « taquet ». Grace a un
important travail de suivi sur le terrain, en g#@lnt les données de télémétrie VHF et de
relectures de bagues, nous avons évalué les dietfge sur la survie par une analyse de
capture-marquage-recapture. La dispersion varandelsexe: la distance moyenne parcourue
au cours des premiers mois a été supérieure chefereelles (246,2 km) par rapport aux
males (38,7 km). La probabilité de survie variefemction de I'age: les valeurs étaient plus
élevées pour les jeunes individus dans les 3 prenmmwis aprés la libération (0,87), puis
chutaient lors du premier hiver (0,26), avant deuginenter les années suivantes (la survie
apparente annuelle était estimée a 0,69 pour lemtores et 0,93 pour les adultes). Malgré le
faible taux de survie apparente enregistrée ausctdeiia premiére année, les taux élevés de
survie observés suggérent la présence de conditbaases favorables pour cette nouvelle
population. L'étude des parameétres démographiqueleserésultats de dispersion sont
importants pour calibrer les mesures de gestioanvia créer une nouvelle population. En ce
sens, les premiers événements de reproduction {2014) signalent le retour de cette espece
sur le territoire italien apres 40 ans d'absentjéctif principal du travail des années a venir
sera donc de favoriser une augmentation progreskivaombre de couples reproducteurs
dans le sud de la Toscane, dans le but de crégpaméation capable de se perpétuer au fil

du temps.

Conclusions

Cette étude a montré qu'une approche fondée suanailgse a plusieures échelles peut étre
efficace en écologie et biologie de la conservat@ette méthode de recherche nécessite de
combiner des techniques de terrain et de laboeataitravers un large éventail de disciplines
allant de la biologie moléculaire jusqu’'a des cdésitions socio-économiques. Dans
I'ensemble, ce travail a conduit a des avancéesriamtes pour la connaissance de la
biogéographie du balbuzard pécheur dans la Méditée occidentale, Europe de I'Ouest et
dans le monde. Ces nouvelles informations seroriicplerement utiles pour décider de

mesures de gestion efficaces pour cette espece&eatiue.

Sur la base des différences de comportement etirdetwse génétique de I'ADN

nucléaire, je suggere de considérer des mesurgestmn spécifiques pour les différentes
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populations. En particulier, je pense que le rerdorent des petites populations de
balbuzards, par la reconstitution des noyaux aeteavdes programmes de translocation,
devrait faire usage principalement des individuandyla méme origine évolutive car elles
présentent des caractéristiques similaires, ayavilué sous certaines conditions
environnementales similaires. Dans le cas du balougécheur, les populations migratrices a
longue distance, caractérisées par une informaggmétique spécifique, ne devraient pas étre
utilisées pour reconstituer les populations de dgian Méditerranéenne et des fles de
I'Atlantique, ou les populations locales montrené $tructure génétique et un comportement
différents. Des interventions humaines inadéqupatagraient provoquer des changements
dans ces populations qui ne sont pas en phasdesvpoocessus évolutifs naturels, ni avec de
la matrice d'habitat local. Une stratégie de corat@m appropriée doit viser non seulement a
assurer une augmentation rapide de la populatiars aussi de préserver les caractéristiques
de la migration pour maintenir l'intégrité de lgpptation indigene.

En Méditerranée, les aires d'hivernage de balbupéaheur ne semblent pas étre
concentrées dans des sites circonscrits (telsayueet des Wadden ou la Camargue pour de
nombreux échassiers et canards d’Europe du Noml} sont largement réparties le long des
cOtes de la partie occidentale du bassin méditeerar{italie, Afrique du Nord, France et
Espagne). Je pense qu'il est alors nécessaire nddmser les mesures de gestion et
protocoles de suivi de ces zones humides. La gedtacette espéce nécessite donc un effort
conjoint entre les différents pays autour de la kéécinée. A I|'échelle régionale par
conséquent, nous recommandons la mise en place ftwndation internationale pour la
conservation du balbuzard et/ou la création d'gseag spécifique de spécialistes de I'espece
qui supervisent les actions locales dans les éifit&r pays, en travaillant ensemble. Des
collaborations concretes entre la France, I'lt#ilspagne et le Maroc ont été entreprises dans
ce projet de doctorat, mais de nouvelles mesuredéeisions pertinentes devraient étre
activées en vue d'un futur réseau pour la congervdtl balbuzard pécheur autour du bassin
méditerranéen.

Plus précisément, les résultats obtenus dans te dadcette these peuvent étre utilisés
pour mettre en ceuvre des stratégies de gestianargervation de I'espéce a I'échelle locale.
En référence aux trois cas spécifiques en Méditéaacertaines considérations pratiques
peuvent étre décrites. En Corse, et en particdbes la réserve naturelle de Scandola, il est
nécessaire de limiter le trafic quotidien de batean réglementant I'accés et le nombre de
visites autorisées, afin de perturber le moins iptessdes balbuzards, en particulier dans la
saison de reproduction. Il ne devrait pas étre geaux bateaux de se rapprocher de la céte

devant les nids. Il serait méme souhaitable deoséoomer a une zone tampon (minimum de
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300 m de rayon) afin d'éviter toute perturbation Halbuzards nicheurs. La surveillance doit

étre maintenue a un niveau €élevé pour éviter detsaiégatifs de la circulation des bateaux.
En revanche ces mesures pourraient étre adapt@esiesude la saison, en permettant 'accés
a des secteurs sans nids, ou apres I'echec d’'uplecoQes types de mesures ont déja été
mises en ceuvre dans d'autres zones marines protéfyéent permis aux communautés

d'oiseaux et de poissons de se reconstituer.

Au Maroc, la vulnérabilité de la population locale balbuzards est restreinte a une
bande étroite de la cote qui est fortement exmo@e perturbée par les activités humaines
(comme la péche a la dynamite), nécessitant de tgience des mesures de controle et des
normes appropriées, pour une meilleure conservdtare noyau de reproduction.

Dans le projet de réintroduction italienne, d’asitaetions de translocation ne sont pas
prévues dans un futur proche. Les gestionnairespatu l'installation de nouveaux nids
artificiels dans les sites clés (par exemple dassiles de I'archipel toscan et la Sardaigne)
afin d’encourager la recolonisation naturelle demes adjacentes, afin de soutenir la

population du bassin méditerranéen.

En conclusion, cette étude a été congue pour ésigrnent servir de modele pour les
autres especes qui partagent des caractéristiqodsgiEues similaires comme les grands
oiseaux migrateurs a large aire de répartitiontudé des oiseaux migrateurs nécessite une
approche qui se fonde sur différentes échellesiadgatet temporelles pour atteindre des
objectifs de conservation efficaces. Voyageantdgulongues distances a travers différentes
régions, habitats et au-dela des frontieres paktsg ils sont en fait potentiellement menacés
par une multitude de facteurs qui influent surdevie et la persistance a long terme de leurs
populations. Ces traits comportementaux adaptdbfgent donc étre étudiés en détail, en
particulier vis a vis du récent changement climatignondial. En ce sens, il est important
d'adopter une approche multi-échelle pour avoir une plus complete qui permet de
comprendre les histoires évolutives, et les fastéigritant les populations, afin d'assurer leur
stratégie de conservation appropriée. Cela estpbérement vrai pour les especes animales
qui vivent dans des environnements anthropiséso##plet/ou des habitats fragmentés, qui
peuvent présenter diverses menaces. La Méditerestideine des régions du monde les plus
exploitées, mais représente également un pointecbawiodiversité : elle constitue donc un

contexte intéressant pour ce type de cas d’études.
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