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Devido ao desenvolvimento humano continuo e crescente, as alteragdes globais
estdo a ocorrer a um ritmo alarmante. As atividades antropogénicas tém nao s6
um impacto direto significativo na perda continua de habitats e,
consequentemente, na biodiversidade, mas também efeitos indiretos, como a
reducao da capacidade de resposta das espécies as alteracdes globais. As aves
migratérias, que atualmente estdo a sofrer declinios globais rapidos e
acentuados, estdo entre as taxas mais afetadas pelas alteracdes climéticas
globais e pela perda de habitats. No entanto, nem todas as espécies deste grupo
estdo em declinio e algumas parecem estar a recuperar, pelo menos a nivel
local, como é o caso de varias espécies de aves aquaticas na Europa.
Compreender como estas espécies em recuperacdo sdo capazes de lidar com
as alteragBes ambientais em curso, tanto em termos de clima como de habitat,
pode fornecer informacdes valiosas sobre a sua resiliéncia.

Um exemplo notavel de aumento da populacdo apos anos de declinio é o
Colhereiro-europeu, uma espécie parcialmente migratéria que se distribui desde
a costa atlantica oriental até ao sudeste asiatico. Nesta tese, investiguei o papel
das condi¢cbes ambientais, do comportamento e da experiéncia na resposta
desta ave aquética as alteracbes globais e locais causadas por fatores
antropogénicos diretos e/ou indiretos. Especificamente, esta tese é composta
por seis capitulos empiricos que tém como objetivo de (i) explorar como o
desempenho reprodutor estd associado as condi¢cdes ambientais locais; (ii)
avaliar o impacto dos fatores antropogénicos ao longo do ciclo anual e entre
diferentes grupos etérios; e (iii) compreender o efeito do comportamento
migratério na sobrevivéncia e produtividade da espécie.

Embora se esperasse que padrdes geograficos ou climaticos em escala
continental influenciassem a fenologia da reproducéo, a condi¢c&o corporal das
crias e o volume dos ovos, apenas foi detetada uma tendéncia latitudinal geral
na altura da reproducé@o, com os colhereiros das latitudes mais baixas a
comecarem a postura mais cedo do que os das latitudes mais altas (Capitulo 2).
Além disso, os resultados sugerem que adultos experientes se reproduzem mais
cedo e provavelmente produzem crias de melhor qualidade do que os
inexperientes (Capitulo 3). Os colhereiros respondem ativamente a polui¢do na
Camargue (Sul de Franca), evidenciado pelo uso crescente de materiais
artificiais no revestimento dos seus ninhos (Capitulo 4). Apesar de a Camargue
ser uma area fragmentada, com varias perturbacdes antropogénicas e niveis de
protecdo variaveis (Capitulo 5), os colhereiros beneficiam das zonas geridas
para aves aquaticas, seja para fins de conservacéo ou de caga.



resumo (continuacao)

Por fim, demonstro como a migracéo de longa distancia, que inclui a travessia
de grandes barreiras ecolégicas, pode ser dispendiosa para a sobrevivéncia e
produtividade dos colhereiros e como estes se tornam mais capazes de
enfrentar esses desafios com a idade (Capitulo 3, 6 e 7). Também exploro o
impacto da degradacao das zonas humidas nas taxas demogréficas e discuto o
potencial recrutamento de colhereiros para regiées de reproducéo ao longo das
rotas migratorias, o que pode explicar a aparente baixa filopatria desta espécie
(Capitulo 7).

Esta tese explora a forma como uma espécie de ave aquatica moderadamente
especializada pode beneficiar das atuais alteragcbes globais, explorando novas
oportunidades, tais como a utilizacdo de espécies invasoras como novas fontes
de alimento e a utilizagdo de zonas humidas geridas para atividades econdmicas
e recreativas. Destaca também como a melhoria do desempenho (e.g.,
reproducéo e migracéo), impulsionada pela idade e pelas sugestdes sociais de
conspecificos mais velhos, aumenta ainda mais a capacidade do colhereiro para
prosperar em ambientes em mudanca. Por fim, questiona a rapidez com que um
cenério atualmente positivo pode mudar face a uma degradacgéo significativa
das zonas humidas ou da falta de flexibilidade de adaptagcédo as alteragBes
globais em curso.
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Global changes are occurring at an alarming rate due to continued and
increasing human development. Anthropogenic activities not only have a
profound direct impact on the ongoing loss of habitats and thus biodiversity, but
also have indirect effect, for example on the ability of species to respond to global
changes. Migratory birds, which are currently experiencing high and fast global
declines, are among the taxa most affected by both climate global changes and
habitat loss. However, not every species in this group is declining and some
appear to be recovering, at least locally, such as several waterbird species in
Europe. Understanding how these recovering species are able to cope with
ongoing environmental changes, both in terms of climate and habitat, can
provide insights into their resilience.

A notable example of population increase after years of decline is the Eurasian
spoonbill, a partial-migratory species that ranges from the East-Atlantic Coast to
the Southeast Asia. In this thesis, | investigated the role of environmental
conditions, behaviour and experience in influencing the response of this
waterbird to global and local changes driven by direct and/or indirect
anthropogenic factors. Specifically, this thesis is comprised of six empirical
chapters aiming at (i) exploring how breeding performance is associated with
environmental conditions experienced locally; (i) assessing the impact of
anthropogenic factors throughout the annual cycle and across age groups; and
(iii) understanding the effect of migratory behaviour on survival and productivity.

While geographical or climatic patterns across a continental scale were expected
to influence breeding phenology, body condition of chicks, and egg volume, only
an overall latitudinal trend in the timing of breeding was detected; with spoonbills
at lower latitudes generally starting to lay earlier than those at higher latitudes
(Chapter 2). In addition, the results suggest that experienced adults breed earlier
and likely produce better quality chicks than inexperienced ones (Chapter 3).
Spoonbills do respond to existing pollution in Camargue (South France), as
shown by the increasing use of artificial materials in their nest lining (Chapter 4).
Although Camargue is a fragmented area with several anthropogenic
disturbances and varying levels of protection (Chapter 5), spoonbills benefit from
areas managed for waterbirds, whether for conservation or hunting purposes.
Finally, | show how long-distance migration, involving the crossing of major
ecological barriers, can be costly for the survival and productivity of spoonbills
and how they are better able to cope with such challenges as they age (Chapter
3,6,and 7).
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abstract (continued)

| also explore the impact of wetland degradation on demographic rates and
discuss the potential recruitment of spoonbills to breeding regions along
migratory routes, which may explain the apparently low philopatry in this species
(Chapter 7).

This thesis explores how a moderately specialised waterbird species can benefit
from current global changes by exploiting new opportunities, such as using
invasive species as new food sources and using wetlands managed for
economic and recreational activities. It also highlights how improved
performance (e.g., breeding and migration), driven by age and social cues from
ol der conspecifics, further enhance
environments. Finally, it discusses how quickly a currently positive scenario
displayed by waterbirds may change in the face of severe wetland degradation
or of a lack of adaptive flexibility to ongoing global changes.
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Capture-Recapture; Comportements migratoires; Impacts anthropogéniques;
Ontogénie; Phénologie de reproduction; Platalea leucorodia; Succés
reproducteur; Suivi a long terme; Zones protégées.

Les changements globaux se produisent & un rythme alarmant en raison du
développement humain continu et croissant. Les activités anthropiques
entrainent non seulement une perte directe et significative des habitats, et donc
de la biodiversité, mais elles influencent également, de maniéere indirecte, la
capacité des espéces a répondre aux changements globaux. Les oiseaux
migrateurs, qui connaissent actuellement un déclin important et rapide a I'échelle
mondiale, font partie des taxons les plus touchés par les changements
climatiques mondiaux et la perte d'habitat. Cependant, toutes les espéces de ce
groupe ne sont pas en déclin et certaines semblent se rétablir, au moins
|l ocal ement , comme | 6atteste plusieu
Etudier lamaniere dont ces esp ces en Vvoie ¢
changements actuels, que ce soit au niveau du climat ou de leur habitat, peut
fournir des indications sur l'a capi
migrateurs.

Un exemple notable d'une croissance de la population aprés des années de
déclin est celui de la Spatule blanche, une espéce partiellement migratrice qui
s'étend de la cote est de |'Atlantique a I'Asie du Sud-Est. Dans cette thése, j'ai
étudié le réle des conditions environnementales, du comportement et de
I'expérience dans l'influence de la réponse de cet oiseau d'eau aux changements
globaux et locaux induits par des facteurs anthropiques directs et/ou indirects.
Plus précisément, cette thése comprend six chapitres visant a (i) explorer la
fagon dont le succes de reproduction est associé aux conditions
environnementales rencontrées localement ; (ii) évaluer lI'impact des facteurs
anthropiques tout au long du cycle annuel et selon I'age ; et (iii) comprendre
I'effet du comportement migratoire sur la survie et la productivité.

Alors que l'on s'attendait a ce que la phénologie de la reproduction, la condition
corporelle des poussins et Il e volum
géographiques ou climatiques a I'échelle continentale, seule une tendance
latitudinale globale dans la phénologie de la reproduction a été détectée, les
spatules des latitudes plus basses commencgant généralement a pondre plus tot
que celles des latitudes plus élevées (Chapitre 2). En outre, les résultats
suggerent que les adultes expérimentés se reproduisent plus tét et produisent
probablement des poussins de meilleure qualité que les adultes inexpérimentés

(Chapitre 3).
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Les spatules répondent a la pollution existante en Camargue (Midi de la France)
par l'utilisation croissante de matériels artificiels dans les nids (chapitre 4). Bien
que la Camargue présente un paysage fragmenté avec plusieurs perturbations
déorigine ant hropiques et di ff®ren
bénéficient des zones gérées pour les oiseaux d'eau, que ce soit a des fins de
conservation ou de chasse (chapitre 5). Enfin, je montre comment la migration
sur de longues distances, impliquant le franchissement de barriéres écologiques
importantes, peut étre colteuse pour la survie et la productivité des spatules et
comment elles sont plus a méme de faire face a ces défis en vieillissant
(chapitres 3, 6 et 7). J'explore également l'impact de la dégradation des zones
humides sur les taux démographiques je questione le recrutement potentiel des
spatules dans les régions de reproduction le long des routes migratoires, ce qui
pourrait expliquer la philopatrie apparemment faible chez cette espéce (chapitre
7).

Cette thése explore comment une espéce d'oiseau d'eau modérément
spécialisée peut bénéficier des changements globaux actuels en exploitant de
nouvelles opportunités, telles que l'utilisation d'espéces envahissantes comme
nouvelles sources de nourriture et l'utilisation de zones humides gérées pour des
activités économiques et récréatives. Elle souligne également comment
I'amélioration des performances (par exemple, la reproduction et la migration),
avec l'age et grace aux signaux sociaux des congéneéres plus agés, renforce la
capacité de la spatule a prospérer dans des environnements changeants. Enfin,
cette thése examine la rapidité avec laquelle un scénario actuellement positif
(affichés par les oiseaux d'eau) peut changer face a une grave dégradation des
zones humides ou 7 un mangue de sou
mondiaux en cours.
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General introduction

1. Anthropogenic global environmental change

The natural world has been undergoing constant change throughout time, but it is now widely
apparent that the current rate of global changes originates from anthropogenic(fmleges

et al., 2013; Lindstrom et al., 2014Anthropogenic activities can have a profound impact

on the general environment, in particular through direct (e.g., deforestation, food production,
infrastructure development, pollution, and recreational disturbance) and indirect (e.g.,
changes in atmoggric composition, rising temperatures, and sea level rise) influences on
the ongoing loss of habitats and biodivergfyerstam and Lindstrom, 1990; Foley et al.,
2013; Newton et al., 2020; Pausas and Bond, 2019; Wulf, 2G1S)therefore currently
iImpossible to dissociate global environmental changes from human activity.

Global changes such as climate and habitat change, are known to be increasingly threatening
the natural world and therefore inextricably linked to biodiversity ([@BBES, 2019)
Biodiversity is defined as the variety of life, which encompasses multiple levels, from genes,
to functional traits and speci@Sardinale et al., 2012Yhus, while biodiversity loss is more
commonly known as species extinction, the loss of certain populations may severely reduce
the genetic pool and resilience of even widespodageciegMay, 1994; Pauls et al., 2013)

At the beginning of the 2century, the estimated rate of biodiversity loss was up to 1,000
times higher than thbackground rate observed in the fossil record (Baillie et al., 2004;
Barnosky et al., 2011; Ceballos et al., 2020; Wilson, 2003), and this has not improved since.
In fact, several anthropogenic threats have worsened or accelerated (Ripple et al., 2017;
Rodkstrom et al., 2009), with the concomitant and alarming rates of habitat loss (Cushman,
2006; Fockhart et al., 2015; Reif et al., 2010) and species declines (Dirzo et al., 2014; WWF,
2022). An example of habitat loss particularly relevant for this thesis is the loss of wetland
ecosystems. Wetlands are among the most biodiverse ecosystems onehepptaiding

food, habitat and refuge for up to 40% of the world's biodiversity, including vulnerable and
endangered flora and fau(@ardner and Finlayson, 2018 well agssential servicge.g.,

source of freshwater, food, and protection) for hup@pulationgCorcoran, 2010; Keddy,

2010; Lévéque et al., 2005; MEA, 2005; Tiner, 1988vertheless, it is estimated that 87%

of the worl dés wetl ands have been | ost sinc
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are either degraded or currently under severe anthropogenic préSswidson, 2014;
Gardner and Finlayson, 2018)herefore, wetland loss is often associated with substantial
declines in biodiversityBunn and Arthington, 2002; Lehtinen et al., 1999)

Between 1970 and 2014, populations of various wetland species from different taxa such as
amphibians, birds, fish, mammals, and reptiles declined by 60%, with a total of 25% of
wetland species being currently threatened with extin¢iorlayson et al., 2022; Gardner

and Finlayson, 2018; Lefeuvre and Bouchard, 20¥@terbirds have been particularly
affected by wetland loss and have declined sharply in recent d€btéigias 2005)

In addition to habitat change, such as that occurring in wetlands, the Intergovernmental
SciencePolicy Platform on Biodiversity and Ecosystem Services (IPBES) currently
identifies four other major threats to biodiversity: pollution; invasive alien speuigsent
loading; and overexploitation. Pollution, such as the influx of artificial materials into the
general environment is occurring at an alarming rate as a direct consequence of
anthropogenic action$&algani et al., 2013; Hoornweg et al., 2013;r&zter et al., 2018)

and is of particular relevance for this thesis. The abundance and slow rate of degradation of
artificial materials currently make them one of the main threats to natural ecosystems around
the world(Galgani et al., 2013Plastic pollution in particular has become such a challenge,
that the United Nations Environment Programme (UNEP) has classified it as a critical
environmental issuUNEP, 2011, 2014)However, despite global alerts and efforts to
reduce societal dependency on (seagge) plastic§UNEP, 2016)r to remove them from

the environmengJain, 2017)their spread and abundance in the environment continues to
increase(Borrelle et al., 2020; Geyer et al., 201 Qonsequentlyjnteractions between
wildlife and artificial materials have been increasingly reported. For example, artificial
materials have been found in the digestive tract of several sijdies and van Franeker,
2020; Laist, 1997and in some cases, they have been shown to affect species development
and behawur (Derraik, 2002; Gregory, 2009} is therefore important to better understand
how animals are impacted by adverse and increasing anthropogenic influences (e.g.,
affecting their physiology and/or survival) as skdowledge is fundamental to establishing

a baseline for mitigating their negative impacts in the environment (AGergm et al.,

2018; Jagiello et al., 2019; Sergio et al., 2011)
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Further to direct anthropogenic pressures on habitats and species (Burton et al., 2006;
Piersma et al., 2016). Climatic changes can also aedies in different ways and are often
linked to shifts in population distribution, such as shifts to higher latitudes or altitudes due
to rising temperatures (Chen et al., 2011; Hickling et al., 2005; La Sorte and Thompson llI,
2007; Parmesan, 2007; Peehl., 2017; Thomas and Lennon, 1999; Thurman et al., 2020).
For example, there is currently a widespread and rapid shrub expansion in the Artic tundra,
an area typically dominated by legrowing plants (e.g., mosses) and lichens, which is
attributed toregional warming (i.e., arctic surface air temperatures are rising at more than
twice the global rate; Pachauri et al., 2014) and associated sea ice reduction (Blok et al.,
2011; Swann et al., 2010). However, climate change can also affect species abandanc
lead to changes in activity patterns, phenology (e.g., breeding timing), and microhabitat use
(Bates et al., 2014; Williams et al., 2008). Migratory animals are particularly susceptible to
the effects of environmental change due to their extensiegraghical ranges and
dependence on seasonal variation in environmental conditions (Wilcove and Wikelski,
2008). For example, due to climate induced changes in resources at different seasonal stages,
there could potentially be a temporal mismatch betwesources and migration cycles
(Lehikoinen et al., 2004; Robinson et al., 2009). In the case of the sympatric (i.e., species
with overlapping geographic ranges) FiBa(aenoptera physalisand Humpback
(Megaptera novaeangliaevhales in the Gulf of St. Lawnce, earlier ice breakp and rising

sea surface temperatures likely triggered earlier availability of their prey (Ramp et al., 2015),
with both species advancing their arrival to match. While they displayed phenotypic
plasticity in response to past clitttachanges, it is uncertain whether these species can
sustain the rate of change necessary: their departure dates are currently shifting at different

rates, leading to increased spatiotemporal overlap (Ramp et al., 2015) in site use.
2. Seasonal migration and environmental change

One of the animal groups most affected by global environmental change is that of migratory
birds, which are currently experiencing high and fast declining rates worldwide (Kirby et al.,
2008; Rosenberg et al., 2019; Xu et al., 2019). Each year, a suddstamiber of birds

migrate across diverse spatial and temporal scales to exploit seasonal peaks in resources
(Alerstam and Lindstrém, 1990; Berthold, 2001; Chapman et al., 2011; Dingle, 1980; Lok
etal., 2015; Newton, 2008). The migratory phenomenonigdylenergetically demanding
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process (Alerstam and Lindstrém, 1990), and different migratory behaviours (e.g., migratory
route, distance awinteringsite location) may be associated with different fithess outcomes
(Acker et al., 2021; Alves et al., 2013; Carneiro et al., 2021; Grist et al., 2017; Lok et al.,
2015; Reid et al., 2020).

Migratory behaviour, such asintering site location, can be highly variable within and
between species (Alerstam et al., 2003; Alerstam and Lindstrém, 1990; Newton, 2008). In
some species behavioural differences are so extreme, that some individuals do not migrate
at all (residents) while othe travel several thousands of kilometres to tivinering sites

each year (Chapman et al., 2011; Lundberg, 1988; Newton, 2008). These systems are known
as partial migratory species, and such variation betweenduodi¢ has been suggested to
affect demographic parameters such as survival and productivity, viaosamyeffects

(Acker et al., 2021; Grist et al., 2017; Lok et al., 2015; Méndez et al., 2022; Reid et al.,
2020). This might be due to a mixture of gexurically and ecologically distinct
environments experienced by individuals during the-li@eding season at theintering

site or during migration (Boyle, 2008; Chapman et al., 2011; Gillis et al., 2008; Harrison et
al., 2011; Hotker, 2003; Loonstra &t, 2019; Sergio et al., 2014; Swift et al., 2020). To
explain differences in migratory behaviour among conspecifics, five hypotheses have been
proposed: some individuals have a genetic predisposition to migrate while othersido not
genetic control hypothesi@Berthold, 1984); the intensity of competition for breeding
opportunities may differ among classes or sexes in a population, leading to differential
advantages of an early return to the breeding sitgsival-time hypothesigKetterson and

Nolan, 1976; Myers, 1981); the immune system promotes survival by reducing the
probability of diseaseelated mortality (Roitt et al., 1998), and migratory birds are likely to
need a more diverse immune system as they are more likely to encounter more antl/or nove
pathogens immune system hypothe¢Buehler et al., 2010; Mgller and Erritzge, 1998).
Furthermore, regulation of the immune system is costly and requires resouradfsadéeh
migration, potentially leading to different migratory behaviours (Eikeaad Hegemann,

2016; Hegemann et al., 2015); The two remaining hypotheses are patrticularly relevant to
this thesis. They suggest that low qualibodysize hypothesispr foraginglimitation
hypothesigoyle, 2008) or socially subordinate individuai®inance hypothegimay be
pushed to stoptimal migration strategies, such as a longer migration, to reduce the negative

effects of competition and of harsher environmental conditions dtih@gonbreeding
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period (Cristol et al., 1999; Hegemann et al., 2015; Ketterson and Nolan, 1983, 1976).
Despite being different, some of these hypotheses may complement each other, e.g., an
individual in poor condition could be more likely to migrate when resources are scarce or

when environmental conditions deteriorate.

The underlying mechanisms linking migratory behaviour to demography (e.g., survival) are
often poorly understood, and unravelling such links is further complicated by the difficulty
of following individuals throughout their annual cycle (Lok et al., 20bact, while some
studies showed benefits of shorter migration distéHéeker, 2003; Myers, 1981))iother
systems, migrating further can be advantageous in terms of suf&ivak et al., 2013;
Reneerkens et al., 202@nd/or productivity throughaery-over effects(Carneiro et al.,

2021; Lourenco et al., 20Q8jor example by affecting arrival time, which tends to be
positively related to productivity in seasonal environmefiNtrrison et al., 2019)
Individuals of Pied avoceRecurvirostra avosetjdhat wintered closer to their breeding site
arrived earlier and fledged more chicks than those that wintered further away (Hotker, 2003).
Conversely, for the Icelandic blat&iled godwits [imosa limosa islandida those
individuals wintering furthestarrived earlier at the breeding area (Alves et al., 2012a),
probably leading to higher reproductive success (Alves et al., 2019). Taken together, these
studies suggest that distance alone cannot explain the observed variation in arrival dates.
Birds do not usually take the most direct and shortest route during migration. In fact, they
often make detours to avoid major ecological barriers (e.g., deserts and seas), or to take

advantage of favourable stopover sit@kerstam, 2001; Alerstam et al., 2003)

Migration is a highly complex phenomenon, with habitat degradation (e.g. via pollution) and
changes in climatic conditions (than may influence phenology) further affecting the
underlying behavioural processes of migratory species (Chen et al., 2011;aPétram

2016; Urban, 2015). For instance, due to a difference in phenology response to temperature
between insects (ca. 6 °C) and birds (ca. 2 °C) (Root et al., 2003; Sparks and Menzel, 2002),
a mismatch between date of gging and peak of food abunuze was created (Both et al.,
2004), resulting in declines amongst populations of Pied flycatéhezdula hypoleuca

(Both et al.,, 2006). Furthermore, migratory animals face the additional challenge of
responding to changes on multiple fronts simultaneously, which may be changing at different
rates or even in different ways (Gordo, 2007; Lees et al., 2022; Mustin28G@f; Robinson
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et al., 2009; kekerciojlu et al., 2012). Fo
species (e.g.Charadri) during thenonbreedingperiod are currently affected to varying

degrees of sea level rise and/or by coastal development (Austin and Rehfisch, 2003; Yang

et al., 2011). At the same time, wader breeding sites may be further compressed towards the
northern pole, as temperaturetioue to rise in the Arctic (Lindstrom and Agrell, 1999;

Rehfisch and Crick, 2003). Consequently, in order tosasthee capacity of migratory bird
populations to respond to environmental change, it is essential to better understand the links
between changing environments and migratory behaviour (Sedinger et al., 2006).
Furthermore, it is also important to establisdigect link between migratory behaviour,

survival, and reproductive success, specifically between long distance migrants and short

distance migrants or residents (Sedinger et al., 2006).

3. The importance of protected areas for highly mobile species and the role of

wetlands managed for economic or recreational activities

Protected areas are the most widely used strategy in attempt to slow and ultimately reverse
biodiversity declines (SoriarRedondo et al., 2023). These areas can influence species
demographic rates by successfully maintaining (Gray et al., 2016) or ewstinigo
population abundances (e.g., by spillover effects, where populations in surrounding areas are
supplemented by individuals dispersing from protected areas; Di Lorenzo et al., 2020;
Kough et al., 2019). Furthermore, in the case of migratory spec@ecied areas can be
beneficial at multiple spatial scales, as they are important not only at local scale, such as in
large wetlands areas, where some sections are protected while others are not, both in
breeding and noebreeding regions (Nightingale eft,a2023), but also during migration,
through the preservation of critical stopover sites (SorlRR@dondo et al., 2023). Therefore,

the designation, management, and restoration of protected habitats and sites are essential for
the sustainability of mobilespecies in an increasingly degraded, patchy and complex
landscape (Braun et al., 1978; Dobkin et al., 1998; Geldmann et al., 2019, 2013; Leberger et
al., 2020; Manning et al., 2011; Murray and Hamilton, 2010; Weller, 1999). In the case of
waterbirds, andespite the ongoing degradation of wetland habitats (Wetlands International,
2016), these species have benefited from the legal protection of numerous wetlands, for
example under the Ramsar Convention (global; Bridgewater and Kim, 2021) and the Natura
2000Network (European Union; Kallimanis et al., 2015). In addition, some wetlands have

29



been improving in quality, particularly in Europe due to EU’s Water Framework directive
(2000s) (e.g., see Alves et al.,, 2012b). Hence, several waterbird populations in Western
Europe have been increasing and recolonizing their historical distributioa mramgcent
decades (Amano et al., 2018).

Additionally, some waterbird species are likely to further benefit from other events that
would typically be considered deleterious to biodiversity. For instance, the existence of
anthropogenic wetlands managed for economic or recreational purposeadcgliure

and hunting) can enhanced food availability for some waterbird species (Alonso et al., 2008;
Hamza et al., 2015; Johst et al., 2001, Li et al., 2015). These anthropogenic areas-(i.e. man
made) can also serve as valuable complements to nadurat(ralized) areas, providing
suitable resting and foraging conditions that support waterbirds (Alves et al., 2010; Fasola
et al., 2022; Rocha et al., 2016; Vallecillo et al., 2019; Vansteelant, 2023). However, reliance
on intensively managed areas &monomic or recreational purposes can have deleterious
consequences for species that are highly dependent on them (Belo et al., 2023; Central
Valley Joint Venture, 2006; Champagnon et al., 2023; Fasola et al., 2022; Pernollet et al.,
2015). Not only can @nging land management practices unexpectedly convert suitable
foraging resources into areas of low resource quality (e.g., loss of agricultural habitats for
urban development; Central Valley Joint Venture, 2006), or even unusable areas (e.g.,
abandonmenof fish production; Mikuska et al., 2023), but continued use and increased
reliance upon such artificial areas risks compromising the resilience of these species
(Champagnon et al., 2023). This is the case of the Greater Dofiana ecosystem, a major and
crucial wetlandduring winter and migratioof several migrating waterbirds, including both
(mostly) natural protected areas and artificial wetland habitats. Despite being considered as
a wetland of international importance (i.e., Ramsar site, National Park, Biosphere Reserve,
and UNESCO World Hetage Site) and once the crown jewel in the European network of
protected areas, its capacity to sustain migratory bird populations is increasingly threatened
(Camacho et al., 2022; Green et al., 2017; Navedo et aR)2m fact, 60% of Dofiana's
lagoons have been lost since 1985 (de Felipe et al., 2023). Although the deterioration of
Dofana is due to multidimensional factors such as climate warming (Bustamante et al., 2016;
de Felipe et al., 2023; Didzaniagua and Agoneés, 2015), the owvekploitation of
groundwater for intensive agriculture (e.g., rice fields and berry production) has significantly

contributed to the depletion of water in the natural wetlands and its capacity to host
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waterbirds (Acreman and Salathe, 2022; de Felipe et al., 2023PBiaagua and Aragonés,

2015). At the same time, unprotected wetland habitats in the surrounding area of Doflana's
protected area, have increasingly been convertedd®@®a) into rice fils and fish farms
(Vansteelant, 2023). These economically managed wetlands have complemented the natural
wetland habitats of the Dofana protected area by providing a permanent and reliable food
source (e.g., invertebrates and rice seeds) for waterbinis y&ar (Vansteelant, 2023).
However, as water becomes a scarcer and more expensive resource, the same rice fields (i.e.,
highly water dependent) upon which waterbirds currently rely, could rapidly disappear and
give place to more profitable uses (e.g:awberry production) (Green et a2024 Ruiz,

2024 Vansteelant et al., 2023). It is therefore important to gain a deeper understanding of
the impact of different land management and conservation actions on highly mobile species
(Allen and Singh, 2016; €Fries et al., 2007; He et al., 2019; Kampfer et al., 2023; McDuie

et al., 2021). This knowledge is essential to inform and implement management actions that
will not only enhance the effectiveness of conservation efforts, but also improve wetland
connecv i ty and species resilience (Champagnon
and Gaubert, 2007).

An overview of the thesis topics can be seen in Fig. 1:
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Fig. 17 Schematic description of how waterbird species may interact with direct and
indirect anthropogenic environmental changes, potential consequences and subsequent
effects on the demographic rates of these species. This thesis addresses many of the

relationshps presented here.

4. The importance of tracking: low tech and large sample vs high tech and small

sample

Understanding how site use at multiple scales influences demographic processes, requires
the capacity to monitor movement within and between §8akamoto et al., 2009; Wilson

et al., 2008)However, this is not an easy task for highly mobile species, asttesyrely

on different habitats to meet their vital needs (e.g., breed, feed, and shelter), which often
change over the annual and life cycles of the focal animal (Johst et al., 2001; Ouin et al.,
2004; Pope et al., 2000)wo classic examples ofithchallenge are the studies of several
marine species (e.g., cetaceans, fish, and sharks), which spend most of their time underwater,
and migratory birds, which can have vast geographical ranges spanning several continents
(Alexander, 1998; Brown et al., 2013; Yoda et al., 1998us, until recently, studies have

been limited by uneven observational efforts in space and time (Brown et al., 2013; Graf et
al.,, 2015). Therefore, the development of new technologies and particularly the

miniaturization of muiple sensors (e.g., GPS, pressure sensors, depth gauge, and

32



accelerometer), is fundamental (1) collect information that more accurately reflects the
movements undertaken by animals; (2) gain a better understandingcostileenefits of a
particular animal movement (e.g., movement from one site to another, flying, and foraging);
and (3) unravel the functional role of different habitats (e.g., foraging or roodEwg)g et

al., 2018; Laich et al., 2008; Rodrigues et al., 2028akefield et al., 2009; Yoda et al.,
1999)

Innovation in bird tracking studies has closely followed the development of new
technologies. What started with the use of simple metal rings to identify recoveribgand
colour rings for visual identification at a distance (eQark et al., 2009; Reichlin et al.,
2009; Wood, 1945)has developed into the use of advanitadking technologies such as
GPS trackers (Cagnacci et al., 2010; Wilmers et al., 2015) and accelerometers (Shamoun
Baranes et al., 2012; Shepard et al., 2008). Nevertheless, ltbtidsbave their advantages

and limitations. The use of traditional marking rings allows the tracking of a considerable
number of individuals at a relatively low cost. Colour marks are easily detected and facilitate
the involvement and engagement of thenegal public in the resighting efforts. The
resighting information collected in conjunction with analytical methods (Choquet et al.,
2009; Lebreton et al., 1992; Pradel et al., 1997) has significantly improved our understanding
of how survival rates relate individual condition (Cam et al., 2002), climate (Sillett et al.,
2000) and other environmental variables such as the demographic effects of theriosdr

El Nifio Southern Oscillation (ENSO) and intdgcadal oscillations (Champagnon et al.,
2018). However, data collection relies on resighting of marked birds, which can be
logistically demanding, infrequent and geographically limited (Brown et al., 2013; Graf et
al., 2015). It also provides limited insight into the daily or migratory movementsds, bir

due to the low temporal resolution of data as no information is available between two
resightings. Finally, due to its reliance on human observers, which are limited to certain sites
and daylight conditions, it is susceptible to bias and error (Bravah,e2013; Graf et al.,
2015). Conversely, the development of electronic tracking technology (e.g., satellite
telemetry or GPS), has provided higher resolution data on bird movements, allowing detailed
tracking information such as migratory routes anbitaduse (Berthold et al., 2004; Bridge

et al ., 2011; Cagnacci et al ., 2010; Freel
Wilmers et al., 2015). Additionally, accelerometers record the acceleration of inertial motion

in threedimensional space, whidan be linked to the behaviour and are therefore becoming
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increasingly important for understanding how and why animals use specific habitats (Brown
et al., 2013; Ladds et al., 2017; Ravi et al., 2005). However, in addition to much higher
financial costs, which limits the number of individuals that can be moditavelfare
considerations, the tracking capacity is limited by battery and data acquisition frequency
tradeoffs, and the relatively short life span of the tags (Bridge et al., 2011). Concisely, ring
tracking is ideal for largscale, longterm studies wit limited budgets and where detailed
movement data is not required as is the case for estimating survival, and natal dispersal. On
the other hand, GPS technology is recommended for-stedium term studies that require
more precise or highesolution movment data, such as quantifying habitat use. But the holy
grail is to use both methods together (e.g., see Gregory et al., 2023), which allows to
complement information regarding movement, survival and behavioural data. For example,
combining longterm demgraphic trends from capture recapture data with tracking data,

provides insights into what happens between observations.
5. The model species: Eurasian spoonbill

In order to address how anthropogenic environmental changes affect migratory waterbirds
and the potential consequences of such interactions in demographic rates (Fig. 1), this thesis
focuses on the Eurasian spoontfllgtalea leucorodia leucorodjdhereafter spoonbill) as a

study model.

The Spoonbill is a coloniddreeding species that exhibits wide geographical variation in
both breeding andonbreedingranges. Individuals, both between and within populations,
display a wide variety of migratory routes and distances, including residency. This variation

in behaviour, allows testing how differamin-breedingsites (or regions), and consequently
experiencing differentvintering conditions (e.g., climatic conditions and food availability)

and migration patterns (e.g., distance and flywayght affect productivity and survival

rates. Furthermore, the breeding season of this species tends to be long, and several of its
colonies are easily accessible, making it possible to assess how phenology and demographic
parameters vary over the courdelee season and are affected by different environmental
conditions. Finally, this species has been the subject of substantial conservation efforts and
long-term monitoring programmes, providing several longitudinal datasets of demographic,

resighting andracking data.
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5.1.Distribution and status

The spoonbillis a charismatic waterbird species of the
family Threskiornithidae. It is easily recognised by its long
spatulashaped bill (Triplet et al., 2008), and has been
named accordingly (Fig. 2).

At the beginning of the 20century, the European spoonbil
breeding population declined dramatically. This was likq
caused by the fast economic development in Europe
following the Second World War, whichled to aniincree Fig. 2 | Adult Eurasian

in anthropogenic pressure on natural wetland habi SPOCNDbill.© Hugo Ferreira

(e.g., land reclamation, drainage, house building, intensive farming, and the use of
chemicals/pesticides in agriculture) (Overdijk, 2013). By 1950, in Northwestern Europe,
only four active breeding sites remained (one in Spddofiana; and the other three in the
Netherlandd Naardermee, Texel, and Zwanenwa{@verdijk, 2013), while Austria and
Hungary contained most of the remaining breeding pairs of the CEnirahean breeding
population (Triplet et al., 2008). However, thanks to intensive recovery programmes,
including increased or improved nature conservation legislation, the prohibition of pesticide
use (i.e., organochlorine), and habitat restoration, thedean breeding population of
spoonbills has experienced a remarkable recovery and growth, leading to the recolonization
of several former breeding sites in Europe (Champagnon et al., 2019b; Lok et al., 2009;
Marion, 2013; Oudman et al., 2017; Overdijkp202013; Ramo et al., 2013; Triplet et al.,
2008; Tucakov, 2004). The species is currently distributed from theAHastic Coast to
Southeast Asia (Fig. 3; Triplet et al., 2008) and is listed as Least Concern (LC) on the
European Red List (BirdLife Ietnational, 2019).
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(blue), and resident area (present all year; red) (Champagnon et al., 2019c). The three
subspecies are showatcheri, found on the coasts of the Red Sea and Sontadisaci
found on the islands of leucorodi&(almaoge)dRopgorgu i n
represent different migratory flyways withalsaci being considered resident (hence its

polygon shows this subspecies” distribution range).

Due to the implementation of recovery programmes, this species has been extensively
monitored (e.g., breeding numbers, number of colonies, identification of breeding, stop

over, andvinterings i t es) . Thi s, combined with the spe
and amateur ornithologists and its ease of detection (Triplet et al., 2008), has led to the
establishment of several loitgrm coloufringing programmes (details of all current and

past ringing programmes are available vatvw.cr-birding.org. As a result, unique

longitudinal resighting datasets are available (i.e., some spanning over 40 years, as in the
case for the Dutch programme), comprising data collected across the main breeding regions

in Europe and throughout the maian-breedingrange of spoonbill.
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5.2.Diet and foraging ecology

Spoonbills feed in shallow water ((BD cm;

Fig. 4) where they forage using a sweepi
technique, moving their bill from side to sid
in the water column to catch small fish (e.g
Threespined stickleback T Gasterosteus
aculeatus El-Hacen et al., 2014; Kempe
1995) and invertebrates (Aguilera et al., 199
Enners et al., 2020; Hancock et al., 2010; Ve i

et al., 2012). As was the case for sevep§

Ardeidae species (e.g., Grey heranArdea Fig. 4i Eurasian spoonbill feeding.
cinereg Little egreti Egretta garzettaNight © Hugo Ferreira

heroni Nycticoraxnycticorax and the Purple herdnArdea purpureg spoonbills probably
benefited from the introduction of additional food sources such as theviRkedp crayfish
(Procambarus clarkjiin Europe (Correia, 2001), which was found to be part of their diet in
several breeding sites (Champagnon, Kralj, et al., 2019; Poulin et al., 2007; Rodstgues,
al., 2023b). Spoonbills are highly mobile birdsapable of travelling up to 50 km between
feeding and roosting sites during their regular daily movements (Pigniczki and Végvari,
2015). Due to its high mobility and specialist foraging ecology, this species has the potential
to illustrate how a moderategpecialized species can select suitable habitats in fragmented

landscapes.
5.3Breeding biology

Spoonbills typically nest in or close to wetlands, either on the graumiglands or dykes,

in reed beds or in tre€slancock et al., 2010; Svensson et al., 202Bgir breeding season
tends to be long, with reports of elfrying occurring between late March and early July
(Lok et al., 2017, 2014; Triplet et al., 2008). Nevertheless, in South European breeding sites
(e.g., South of Spain) laying can begin as eadyFebruary (Aguilera et al., 1996).
Spoonbills are colonial birds that build their nestsf branches and stems, and line them

with grass and leaves (Figj.5a and 5bjsenmann et al., 2010; Matheu et al., 2020)is
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speciesd6 breeding success and chick body
al., 2017), although this has only been tested for the Dutch population thus far (but see
Chapter 2 and 3). Such a long breeding season allows to assess howtdieregraphic
parameters (e.g., egg volume, hatching success, and chick body condition) vary seasonally

and how they are affected by different environmental parameters (e.g., temperature and

precipitation).

Fig. 51 Eurasian spoonbill ground nest (a) structure and (b) lining in the Camargue,
Southern France. Elugo Ferreira

Spoonbills have delayed maturity that start breeding atéaa®endar years of age and lay
clutchesof 3-4 eggs (on average), with3Lchicks hatching per nest (Cramp and Simmons,
1977; Lok et al., 2011; Triplet et al., 2008). Typically, spoonbills lay an egg every other day
and begin incubation one to two days after the first egg is laid, resultirgymectaonous
hatching (Cramp and Simmons, 1977; Lok et al., 2014; Triplet et al., 2008). Incubation
typically lasts between 228 days, after which the pnts begin parental care of the chicks
until they are fully fledged (ca. 35 days old) (Cramp and Simmons, 1977; Triplet et al.,
2008). It has been observed that spoonbills may lay a second clutch (Triplet et al., 2008),

often if the first is unsuccessful.
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During the posfledging period, juveniles (Fig. 6) are

highly exploratory, moving considerable distances in
surrounding wetlands and even reaching distances of
km from their natal colonyde le Court and Aguilera S8
1997; Hancock et al., 2010; Kralj et al., 2012; Volponi
al., 2008) Occasionally, individuals hatched in Southe v‘
Europe may remain in close proximity to the colo -
adopting a resident behaviour, as it has been show E
the population in the Camargue (Southern Fran
Blanchon et al.2019). Once at theitnering sites,
spoonbills generally remain there until they rea giigt.inQGUiLhéngebr;iletﬁg?)ron”bg;lll;t
maturity, especially in African site@le le Court and coloured bills and black tips o
Aguilera, 1997; Pigniczki and Végvéri, 2015; Tripl t@f)lel_l{u;eomll:ge?rsei(:gght feathers).

et al., 2008)Nevertheless, some immature birds can

still be present in breeding colonies, probably taking social cues (learning) or even
attempting to breed (Lok et al., 2011). Studying multiple populations with large individual
variations in breeding and migratory behaviour provides a unique oppornitgéstand

how those individual behaviours can affect population survival and productivity.
5.4 Spoonbill migration

Spoonbills are currently recognized to hdkieee distinct flywaypopulations in Europe
(Champagnon et al., 2019c)) the East Atlantic Flyway population (hereafter EAF
population), which includes the largest European breeding population of spoonbills (in the
Netherlands; Lok et al. 2009), as well as colonies in Iberia and Northern France; ii) the
Central European Flyway etepopulation (hereafter CEF population), where various
colonies such as those in Italy and the Carpathians have been monitored (Kralj et al., 2012;
Pigniczki and Karcza, 2013; Pigniczki and Végvéri, 2015; Tenan et al., 2017). The largest
population of CE breeds in Hungary, but relevant colonies (> 100 breeding pairs) are also
found in Austria, Croatia and Servia (Pigniczki and Végvari, 2015); and iiiStheh
eastern European Flywdkereafter SEF populationthat was recently separated from the
CEF (Champagnon et al., 2019and for which knowledge regarding migratiampn
breedingdistributionand genetic differentiation are currently lacki{kgalj et al., 2023)
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Autumn migration generally occurs in August/September, while spring migration occurs in
February/MarchLok et al., 2013; Triplet et al., 2008)he EAF population (in general)
follow a route along the Atlantic coast of Europe and Wdsta (Bauchau et al., 1998;
Navedo et al., 2010while the Central European flyway migrates sewtst over the
Adriatic Sea, through Italy to North Africa, with most individustayingin countries such

as Italy, Tunisia and Algeriduring thenon-breedingperiod (Fig. 3) (Kralj et al., 2012;
Pigniczki and Karcza, 2013; Pigniczki and Végvari, 20B8)for the SEF, spoonbills from

this population migratéhrough the Balkans to Anatolia or the Middle East as far as the upper
Nile River (Triplet et al. 2008).

Spoonbills often show high fidelity to breediagd nonbreedingsites (De Voogd, 2005;

Lok et al., 2013, 2011; Pigniczki and Karcza, 2013). Additionally, previous studies on
population in Western Europe and the Carpathians Basin have suggested that spoonbills
arrive earlier at breeding sites with increasing @lgele Court and Aguilera, 1997; Kralj et

al., 2012) In the case of the Dutch population, lesdigtance migrants were reported to breed
later than shortlistance migrants, and this difference in breeding timing was even more
pronounced when accounting for temdency of migrants to breed earlier with age (with
the exception of longlistance migrating males) (Lok et al., 2017). Furthermore, it has been
observed that spoonbills from different European breeding locations mixnortieeeding

sites (Lok, 2013; Smart et al., 2007), thodigway populations are largely separated (Lok

et al., 2019; Overdijk and Zwart, 2003; Pigniczki, 2022).

6. Spoonbill population in the Camargue
6.1.Main study site

Camargue is a sermiatural region of 180,000 ha, situated along the Mediterranean Sea in
Southern France, making it the largest wetland in the country (Blondel et al., 2013; Galewski
and Devictor, 2016; Roche et al., 2009). This extensive wetland is fdmgndte Rhone

Delta and consists of a diverse mosaic of habitats (Fig. 7), including natural anthseral
wetlands, two important salt pans, rice fields and several other agricultural cultivations
(Blondel et al., 2013).
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Fig. 71 Map of Camargue region in the Mediterranean coast of France (red dot in the inset)
highlighting the heterogeneity of land uses. Type of soils and land use are described in the
figure legend and distinguished by colour. Camargue land use was based on: Parc Naturel
Régional de Camargue Land Use 2016 (Bouches du Rhéne department) 860 thsud

Gard & Syndicat Mixte de la Camargue Gardoise Land Use 2012 (Gard department).
©Wilm/Tour du Valat (2019)

This region has a high conservation value, providing important habitats for nesting (c.a. 132
species breeding in Camargue), staging amndering site for several waterbird species,
totalling 356 species ( ACamar B0a4eFrajxedd® &ms a r
al., 2019; Heath and Evans, 2000). The Camargue involves a complex diversity of
management regimens and multiple stakeholders in the management of natural (e.g.,
national, private, and regional reserves) and private areas (e.g., agrigdtupgns, and
waterfowl hunting areas) (Galewski and Devictor, 2016). The entire geographical area of
Camargue is designated a#&/atlbnd of International Importandsy the Ramsar Convention
benefiting from protection measures with overlapping international and national protection
laws and conventions (Vallecillo et al., 2023; see Fig. 8 and Chapter 5 Table 1, for further
details and breakdown of types of protecti®@ych heterogeneous wetland landscape makes

this region a suitable model to investigate the usage of and dependence upon multiple
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habitats by waterbirds, such as the spoonbill, and thus to provide a better understanding on
how habitat changes or loss may affect this and other wetland species.

6.2. Spoonbillsetlemenin the Camargue

During the first half of the 20century, there were only two documented instances of brief
sightings of spoonbills and it was not until the 1970s that the species was regularly reported
in Camargue (Blanchon et al., 2019). The first recordvahéeringbird was made in 1976,

while the first breeding case was not reported until 1998 (Blanchon et al., 2019). Since then,
the breeding population of spoonbills has grown exponentially from one breeding pair in
1998 to over 400 in 2023 (Fig. 9a) (Blanchon let2019; Champagnon and Kralj, 2023;
Marion, 2019). Resightings of individually marked spoonbills conducted at the colony
between 2007 to 2010 indicated a mixed origin for this population, with 22 birds originating
from the Netherlands, nine from Italypéone from Serbia (Blanchon et al., 2019). This
may explain why individuals from the breeding population in Camargue are using both
migratory flyways (EAF and CEF) (Blanchon et al., 2019). Additionally, some individuals
also display a resident behaviovemaining in Camargue throughout the year (Fig. 9b);
Blanchon et al. 2019). Thus, this population presents a unique opportunity to not only further
investigate the relationship between survival ratesveintering sites, but also to directly
compare survival rates within and between different flyways.
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Fig. 91 Number of spoonbills in the Camargue over the years, quantified as (a) pairs during
the breeding season (data collected by Tour du Valat) andirfbgring individuals (data
collected by Tour du Valat/SMCG/OFB).

As in many sites, the spoonbills in the Camargue nest on the ground on small islets with
abundant shrub and herbaceous vegetation (Figkdyser et al., 2008)This population
occupied two keeding sites up to 2017 (Blanchon et al., 2008) has expanded to at least

six by 2023 (Blanchorynpublished data These sites are located within or in the vicinity

of vast saltmarsh area, which collectively cover 108 Within the Camargu¢Blondel et

al., 2013; Marnotte and Carrara, 2006; Médail, 20G8pundnesting allows easy access to
nests byresearchers (as opposed tonesting colonies) and the quantification of multiple
breeding and nest parameters. This information can be used, for example, to determine

productivity and the potential consequences of the presence of artificial matenatgs.
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Fig. 107 Spoonbills nesting on the ground in a flat saltmarsh islet in the Camargue. © Hugo

Ferreira
6.3.Monitoring of spoonbills in the Camargue

The monitoring of spoonbills in Camargue has been conducted by the Tour du Valat team
and its partners. It involves census of the breedingvameringnumbers as well as a long

term coloufring programme initiated in 2008 by Michel Gauthi@erc and Yves Kayser
(Blanchon et al., 2010). Each year spoonbills are marked with a uniquely coded PVC ring
allowing to individually identify marked birds visuallwithout recapturing them
(resightings). Resightings in the Camargue were initially conducted by expemtie
observers on breeding islets using telescopes, often from a hiding place, and typically lasted
for bouts ranging from 45 minutes to two hours (Fig. 11).
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Fig. 111 Spoonbills resighting effort during the winter and breeding season in Camargue,

carried out using camouflage, telescopes, and a hide. © Hugo Ferreira

Since 2016, the Tour du Valat team has been using automated camera traps (Fig. 12) as a
complement to direct observation methods (Fig. 13). The aim was to increase the total
number of individuals identified (i.e., breeders and residetitat remain in the colony area

all year) and to minimise disturbance. From 2016 to 2020, only a smdilenwhcameras

(two or three) were deployed and left on site for several weeks (ca. three or four weeks) set

to cover most of the colony. However, t
efficiency of the camera traps was enhanced
rotating its position frequently and focusing g
a smallerpart of the colony at a time. This
method allowed additional opportunistic data
be collected, including nest and egg destruct
by Eurasian wild boar Sus scrofg the

presence of other bird species in the colon
Fig. 127 Use of automated camera traj
to monitor Spoonbills in Camargue.
aethiopicu$, and nest abandonment. © Hugo Ferreira

like the African sacred ibis Threskiornis
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Fig. 137 Number of spoonbills breeding pairs through the years (orange line) and number
of field effort using a hide (blue linejotal number of different spoonbills resighted from

the hide (grey bar) and by the camera traps (yellow bar). This graph shows rough data,
only one observation per individual was considered and information from juveniles was

not included.

Since 2016, the use of camera traps led to the accumulation of 30,000 to 80,000 images
annually, which are then processed manually by experts, actimsming task. To facilitate

this task, machine learning techniques and autonomous trained classiéetweiag
developed by the Georgia Tech College of Computing in collaboration with Tour du Valat
(Bourbon,2024). Therefore, within the framework of this PhD thesis a citizen science
project Where is Spoonyrig 14), has been developed and launched onitikercscience
platform Zooniverse (www.zooniverse.org). During a test year in 2021, 23,000 photos taken
at breeding sites in the Camargue were viewed by two experts and 3,350 members of the
general public. Each photo was seen by 10 different participmswo experts were able

to identify a total of 318 individuals with unique rings (including eight individuals not seen

by the participants) over a period of ca. two months, while the participants identified more
than 2,000 different individuals, includj several misclassifications but at least 13 valid

identifications not made by the experts.
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Fig. 141 Where is Spoongitizen science projectwhereparticipantscan identify marked

spoonbills in Camargue breeding sites, pilot launched in 2021 on the Zooniverse platform.

The annual monitoring effort, together with reports from amateur and professional
ornithologists in Camargue and other relevant sites (i.e., reports from other breeding, but
also stopover andinteringsites), has provided the necessary resighting data to apply mark
capturerecapture models. Mamsapturerecapture models were developed to study species
that are difficult to observe or count directly due to factors such as high mobility, wide
geographiclkranges, or cryptic behaviour, while minimizing diftance (Lebreton et al.,
1992). By capturing and marking individuals with unique codes that are visible from a
distance (i.e., recapture or resighting), it is possible to assemble individual encounter
histories. These encounter histories combined, allowhi®mmodelling of population and
estimate parameters such as detection, survival or dispersal rates (Choquet et al., 2009;
Cormack, 1964; Jolly, 1965; Lindberg et al., 2001; Pradel et al., 1997). Individuals encounter
histories can be further combined anddelled according to groups such as age classes, sex,

and periods or site (Lindberg, 2012). Furthermore, when marking individuals, field
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operations enable the collection of valuable demographic information on the Camargue
population, including chick biometrics and laying dates. This information was fundamental
throughout this thesis, as it enabled comparing the Camargue population tbredung
populations and test the impact of global changes on breeding phenology and chick body

condition.
7. Thesis outline and objectives

This thesis is comprised of six empirical chapters (Chaptéis greceded by a general
introduction Part I:Chapter 1) and ends with a general discusditamt(V:Chapter 8). To
assess how anthropogenic environmental changes affect spoonbills and the potential
consequences of such interactions in their demographic r&ge divided this thesis into

three main sections:
7.1.Part II: Breeding phenology, productivity, and juvenile migratory behaviour

Due to their wide distribution range, spoonbills can serve as a model species for studying
how waterbirds in a highly anthropogenic region of the world (Europe) cope with ongoing

environmental change, both in terms of climate and habitat.

Chapter 2is a collaborative (joint first cauthorship manuscript) chapter in which Manuela
Rodrigues and | compile data collected from different breeding colonies in Europe to explore
spatial variation in breeding parameters (e.g., chick body condition, eggedhatching
success, and laying dates) and how these may be influenced by geographical and climatic
factors. Here, we also consider the impact of different environmental variables (i.e.,

temperature and rainfall) on the demographic parameter®pstyanalysed.

In Chapter 3, | focus on the breeding phenology of the Camargue population and investigate
how breeder age may influence the timing of breeding and, in turn, how this may affect chick
body condition and their subsequent migratory behaviour. Chick body conditionveais ne
been assessed for the expanding Camargue spoonbill population, and its variation can be
useful when contrasted with that of other European populations, which may be stable or even
declining Chapter 2), and also contribute to explain theechanisms underlying spoonbill

migratory behaviourGhapters 6and?).
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7.2.Part Ill: Increasing anthropogenic influence in the heterogeneous Camargue
wetlands and its impacts on breeding success and habitat use

Anthropogenic influence in the Camargue is widespread, with several human activities such
as agriculture and tourism dominating the area. However, this wetland is also an important

nesting anchon-breedingregion for several waterbirds.

During the collection of breeding parameters@biapters 2and3, the presence of artificial
materials in spoonbill nests was observedChapter 4, | assess the prevalence of such
artificial materials, their potential function within spoonbill nest and their potential impact

in breeding success.

| then scale up from anthropogenic impacts apparent at the breeding colonies, to explore
spoonbill habitat use across a heterogeneous and fragmented wetland such as the Camargue.
Specifically, | explore how the use of strongly protected areas and privadelgged areas
(including areas disturbed by hunting) varies across the annual cycle and according to
different spoonbill age classe&Shapter 5).

This information can be used to further understand how animals may respond to
anthropogenic perturbations or fail to adapt to their changing lands&p#sknowledge

Is essential to inform and implement specific management actions that will not only enhance
the effectiveness of conservation efforts, but also improve wetland quality and species

resilience.
7.3Part IV: Linking migratory behaviour, challenges and dynamics to survival rates

While the previous two sections addressed mostly breeding ecology, despite also exploring
links with migratory behaviourGQhapter 3) andnon-breedinghabitat useGhapter 5), the

final section of this thesis investigates annual survival ralésough considerable within

and betweerspecies variation iwintering site use has been shown to affect demographic
parameters, few longitudinal studies have been able to compare the survival rates of a
population using different flyways and migratory ranges ($jgatly, contrasting residency

vs shortdistance vs longlistance).
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First, | investigate the relationship betweenteringsite and apparent survival rates of the
Camargue breeding population for individuals that vary in both migratory flyway (East
Atlantic vs. Central European) and migration distance distance vs. shodistance vs.
resident), comprising five maimon-breedingregions Chapter 6). To do this, | used data
collected from camera traps in Camargue breeding sites and from a network of dedicated

observers along the migratory range, includingwirgeringsites of this species.

In Chapter 7, | further investigate the mechanisms linking migratory behaviour and survival
rates, expanding fronChapter 6. Here, | combine captur@capture data from several
interconnected spoonbiiiopulations across Europe and assess the impact of breeding and
non-breedingsites in spoonbill apparent survival. By combining different datasets, | was
able to overcome several limitations of captteeapture analyses (e.dimited to
comparisons of single populations and few site®w) obtained survivadstimates closer to

true survival.
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Observation of spoonbills, Ria Formosa, 2021.

pairs. Finally, the 8uth-European flywayis estimated to have around 1500 breed
pairs, however, recent estimates from Turkey and Ukraine are lacking




Continental wide variation in breeding phenology, investment
and productivity in a colonial waterbird, the Eurasian spoonbill

(Platalea leucorodia)

Abstract

Global changes in climate and land use are occurring at an alarming rate as a result of
continued human expansion and growth. Although all ecosystems have been affected and
transformed to some extent, the consequences to wetlands, and therefore waten@rds,
been particularly severe. Nevertheless, some species appear to be recovering from earlier
declines, likely due to increased environmental legislation and their capacity to use some
anthropogenic habitats. Here, we compiled information from 2021 28 28 Eurasian
spoonbill Platalea leucorodia leucorod)ebreeding colonies in several European countries
from Portugal to the United Kingdom (latitudinal extremes) and from Portugal to Greece
(longitudinal extremes), to gain a better understanding of the spatial variation in breeding
parameters and how thesayrbe influenced by geographical and climatic factors. There
was no evidence of overall breeding patterns and phenology gradients along geographical or
climatic axis, although a latitudinal trend iming of breeding, with spoonbills at lower
latitudes generally starting to lay earlier than those at higher latitudes was apparent.
Nevertheless, local conditions such as food availability, predation or local quality of
breeders, can disrupt this pattebur study highlights the need for high quality standardised
data collection methods to better identify patterns and exceptions driven by local conditions.
In addition, understanding variation in biological parameter across different sets of
environmentaktonditions is essential to improve predictions of how species may respond
(positively or negatively) to changes in habitats and/or climatic as patterns, which may
become more similar to others, owing to increasingly prevalent global environmental
changes @oss wide geographical rangésitimately, the information presented here can
contribute to the effective conservation of waterbird such species.

Keywords/ Pphdwseondition; Egg vol ume; Envir

successermomgnitoring.
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Introduction

The world and its habitat composition are rapidly changing. Concomitant with human
expansion and growth, global changes in climate and land use are occurring at a very fast
pace (Foley et al., 2013). In the last decade, gltdraperature has continued to rise,
reaching 1.1°C above the 183@00 value (IPCC, 2023). Extreme climatic events have
become more frequent and intense in recent decades (NAS, 2016; Wernberg et al., 2013),
with heat extremes and heatwaves now more prewvakabally, heavy precipitation
occurring in Northen and Central Europe, and ecological droughts being more frequent in
Central Europe and the Mediterranean (IPCC, 2023). These events are known to affect not
only species distributions, but also the struetand functioning of ecosystems worldwide
(Hawkins et al., 2009).

Owing to the growing human need for natural resources (e.g., food, freshwater and fuel), the
rate of habitat loss is equally alarming to climate change (Cushman, 2006; Flockhart et al.,
2015; Reif et al., 2010yyith evidence showing that human development gains over the past
50 years have largely been achieved at the increasing cost of habitat loss and degradation
(IPBES, 2019)For example, increased demand for cropland over the last century has led to
an increase in land conversion, and in water reseragicoming more common and larger,

with water retention quadrupling since 1960 (IPBES, 2019; MEA, 2005). Although all
ecosystems have been affected and transformed to some extent, the cost to wetlands has been
particularly severe, with estimates of glohata loss ranging from 21% to 85%, depending

on the methods and baselines used (Flretuinard et al., 2023; Hu et al., 2017; IPBES,
2019). However, it is clear that some regions have suffered highest wetland losses, with
Europe, United States and Chimging the most severely impacted (FH@touinard et al.,
2023)FluetChouinard et al 2023)As a result, these changes have a profound impact on
wetland ecosystems and species (Wetlands InternatR¥), being highlighted as one of

the major causes of biodiversity loss and species extinction (MEA, 2005; Murphy and
Romanuk, 2013).

Waterbirds are a diverse group of birds so intrinsically dependent on wetlands that they have
been described as bioindicators of the wellbeing of these habitats (Green and Elmberg, 2014;
MEA, 2005). As such, waterbirds have suffered from both severe wetiabitat

degradation and climate change, and many species experience rapid decline worldwide (Belo
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et al., 2023; Kirby et al., 2008; Studds et al., 2017). However, this is not the case for all
waterbirds,and some seem to be recovering from earlier declines, at least locally, as is the
case for several species in Europe (Amano et al., 2018, 2020; Wetlands Interriz@@fal,

For instance, those that can take advantage of artificially managed wetlands which can
directly or indirectly increase food availability, such as those managed for economic or
recreational interests (e.g., agriculture and huntioig)for conservation purposes are
currently increasing (Alonso et al., 2008; Hamza et al., 2015; Johst et al., 2001; Li et al.,
2015; Rodrigues, 2018; Rodrigues et al., 2023a).

In 2013, Overdijk described the remarkable recovery of the North Atlantic breeding
population of Eurasian spoonbilPlatalea leucorodia leucorodjahereafter spoonbill),

which has increased exponentially after years of severe dd@werdijk et al 2013)
Spoonbills were once an abundant breeding species in Western Europe but declined
dramatically at the start of the ®@entury, when they were confined to only four breeding
colonies: three in The Netherlands (Naardermeer, Texel, and Zwanenwater) and one in Spain
(Dofiana). But, in recent decades, spoonbills have been increasing in Europe and
(re)colonising traditional bexling areas within their former range (Rodrigu2824). The

main factors promoting the initial recovery of the colonies in The Netigslavere the
implementation of legislation to protect birds, eggs and habitats, the banning of some water
pollutants and the creation of protected areas (Overdijk, 2013). Breeding spoonbills then
spread to other countries in Northern Europe such as Belga@mmany, and the United
Kingdom (Overdijk, 2013). In Southern Spain, rescue of eggs from nest flooding, subsequent
hand raising of chicks, and reintroduction in the wild (Dofiana National Park) have helped
to increase productivity of this population (Cuadb et al., 2017). Several other reasons
have contributed to the general expansion of spoonbills in Europe, such as its increasing use
of anthropogenic habitatsChapter, 5;Rodrigues et al., 2023b; Tucakov, 2004), the
appearance of invasive species in their diet, sucReamkswamp crayfishProcambarus
clarkii), which provide a stable and abundant food resource (Rodrigues et al., 2023a), and
various wetland habitat conservation measures, particularly the European Birds Directive
(1979) and the Water Framerk Directive (2000) in the European Union (Alves et al.,
2012; Galewski et al., 2011; Garaita and Arizaga, 2015; Pigniczki and Karcza, 2013; Ramo
et al., 2013).
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The spoonbill is currently listed as Least Concern on the [IUCN Red List and its breeding
distribution in Europe spans across almost the entire continent, ranging from Denmark and
the British Isles in the north, to thigerian Peninsulan the south, and spreading east to the
Balkans and the Black Sea (BirdLife Internatior28124). Such a wide distribution range in
Europe means that spoonbills can serve as a study model to explore how waterbirds may be
able to cope with ongoing environmental changes, ih biinate and habitat, in heavily
modified habitats over a vast area. Spoonbills in Europe are divided intdistreetflyway
populations(Champagnon et al., 2019)) the East Atlantic Flywayopulation(EAF),
characterised by spoonbills breeding along the Atlantic coastal area of Europe, and the most
studied (Lok, 2013; Rodrigues, 2018); (ii) the Central European Flypopylation(CEF),

of which some colonies have been monitored, in the Carpathians and Italy, (Kralj et al.,
2012; Pigniczki, 2022; Tenan et al., 2017); and (iii) Boutheastern European Flyway
population(SEF), recently separated from the GElRampagnon et al., 201@nd for which
knowledge is scarce despite some exceptions, such@weecgKazantzidis et al., 2023)
Currently, the East Atlantic Flyway population is steadily increasing in several breeding sites
(e.g., Belgium and United Kingdom), in contrast to the CEF and SEF populations, which are
experiencing stable and declining trends, respecti¢€lyampagnon and Kralj, 2023)
Nevertheless, different trends are also observed within the CEF, with the registered decline
of the Hungarian population contrasting with the high survival and expansion of the Italian
population(Tenan éal., 2017)

Species that span wide geographic ranges offer the possibility to explore how variation in
demographic and other biological parameters relates to the disparate environmental
conditions experienced locally, in different breeding colonies. Furthermore|isstap
baseline information on those relationships can help predict how some species may respond
(positively or negatively) to changes in habitats and/or climatic patterns in some parts of
their range, which will resemble conditions currently presenthargarts of the rang&his

is particularly relevant for the conservation of species associated with habitats currently
undergoing high levels of change, such as wetlands, which are predicted to be under
increasing pressure given current climatic scenarios (IPCC, 2023),allspiediegions with

high human population densities, such as Europe.
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In this study, we compiled data from spoonbill breeding colonies across seven European
countries, ranging from Portugal to the United Kingdom (latitudinal extremes), and from
Portugal to Greece (longitudinal extremes). Our aim was to investigate the \&aeithon

in breeding parameters and to understand how these differences may be influenced by
geographical and climatic factors. Specifically, (1) we assessed how breeding phenology
was affected by latitude and longitude. We hypothesized that spodiiediding at lower
latitudes would initiate the breeding season earlier, as favourable climatic conditions are
expected to occur earlier in the year in those colonies. However, with increasing longitude,
colonies are increasingly influenced by warmer camttal temperatures (in Europe), which

may also advance the onset of the breeding season. Conversely, due to more favourable
climate conditions, we expect larger egg volume, higher hatching success and chick body
condition at lower latitudes and higher laigles. (2) We then explored how climatic
factors, specifically precipitation and temperature, can influence spoonbill breeding
performance. We expected that breeding success and chick body condition would be lower
in colonies with periods of intense pneitation, but also in colonies with low precipitation,
particularly in those colonies more heavily reliant on freshwater. We further expected that
both higher and lower temperatures would negatively impact spoonbill breeding success, as
both may force higer levels of nest attendance (to provide shadow or to brood the chicks)
potentially reducing provisioning rates; Finally, (3) we investigated seasonal trends in
breeding performance, considering that earlier breeders may be more experienced adults and
likely responsible for the higher body condition of early chicks (as reported in the Camargue,
Chapter 3, and therefore we expected that breeding parameters such as egg volume,
hatching success and chick body condition would decrease seasonally in all doreedin

colonies.
Material and Methods
Study area

Data presented in this study were collected between 2021 and 2023 in seven European
countries (Figl) during monitoring visits to spoonbill breeding colonies performed as part

of long-term monitoring programmes (apart from Portugal and France, where targeted data
collection was performed). Only om®lony per country was sampled, and for simplicity,

the name of the countrpuntry) is used to identify each colony in the following sections.
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Fig. 17 Spoonbill breeding range in Europe (orange; adapted from BirdLife International,
2023). Circles show colonies that contributed data to this study and red circles dots show
colonies from countries with suitable data for statistical analysis. In any casgatatall
countries (including colonies marked with white circles) are presented descriptively and

considered when discussing the statistical results.

In The Netherlands, sampling was carried out in the colonies on Schiermonnikoog
(coordinates: 53A29624606N 6A150600606E). Spoor
1992, and numbers rapidly increaseddd?00 breeding pairs in the early 2000s, after which
numbers stabilized and fluctuated betwear?00 and 300 breeding pairs. The majority of
spoonbills on Schiermonnikoog breed on the east side of the island (Oosterkwelder), mostly

in saltmarsh, often in mixed colonies with herring and Lesser {idacked gulls I(arus
argentatusandLarus fuscu and increasingly in Seabertippophae rhamnoid¢®ushes.

In 2011, a second colony established in a freshwater lake on the west side of the island
(Westerplas), where they breed in reed and willow trees, adjacent to Great cormorants
(Phalacrocorax carbp Spoonbills from these colonies are mainly foraging on the intertidal
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flats of the Wadden Sea, while particularly adult males also regularly forage in the shallow
freshwater lake Lauwersmeer,cat 10 km distance from the colony (Lok et @024).

I n Engl and, sampling was carried out at Hol
began prospecting this site in 2004, wi#2 pairs attempting to breed there each year.
However, successful nesting did not occur until 2010, when six pairs werdeddweeding

in at this site. Since then, the number of breeding pairs has increased each year, slowing
down and stabilising in 2023024 The main habitats in the area are freshwater marshes
surrounding a wet woodland of mostly willow trees (or hawtl8alix sp) where spoonbills

nest. Successful spoonbill colonisation followed the site adoption by Grey Heabea (
cinereg in 1993, Great cormorant in 1999 and Little egEgrétta garzettpin 2004, as

well as the management of marshes (through grazing) for wading birds, and the protection
of the area from human disturbance. Due to high spoonbill productivity over the years, other
subsequent sites with successful breeding have now beeaterepothe UK (Bloomfield,

2018).

In Belgium the sampled colony is located in Verrebroek (51°1521.6"N 4°11'16.8"E).
Spoonbills started breeding here in 2003 and the number of breeding pairs has been
increasing. The area consists of tidal wetlands, shallow freshwater bodies and reesis. In
colony most spoonbills breed in an artificial island (made of branches), but some pairs also
breed in reeds and meadows. Most spoonbills breed inside an electric fenced area,
constructed to prevent attacks from terrestrial predators. In the samarar@ao present

breeding pairs of Blackeaded gull Chroicocephalus ridibundysand GrebesRodiceps

sp).

The colony sampled in Italy is located in Bacino di Barti°89'37.6"N 11°55'21.5"Eh
freshwater basin whemgpoonbills nest in reedbeds. First breeding attempts in this colony
were recorded in 1992, but it was not until 2012 that the area became regularly used, and the
number of breeding pairs increased, peaking in 2014, at 104 breeding pairs. Since then,
numbes have fluctuated, with 55 breeding pairs recorded in 2023. These changes are likely
due to the deterioration and reduction of the reedbed area (Volponi, personal observation).
In the surroundings of the colony, spoonbills have access to freshwater leathesive
agricultural fields and agricultural channels. The reedbed traditionally housed a mixed
heronry composed by Grey heron, Purple hefsdda purpureg Night heron ycticorax
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nycticoray, Little egret, Great white herorAdea albg, and Squacco herorAideola
ralloides), but the reed has deteriorated to such an extent that only spoonbills and Greylag

goose Anser ansercurrently breed at this site.

In France, sampling occurred in the Camargue Regional Natural Park (43° 28' 36.012" N 4°
29' 3.0012" E). Spoonbills breed in this area since 1998 and are experiencing exponential
growth, reaching around 510 nests in 2023 (Blanchon eumbyblished data Here,
spoonbills breed in small bushes and on the ground of six small islets separated by distances
ranging from two to about 20 km. Camargue is a seatural region of 180,000 ha, along

the Mediterranean Sea in South France, where several shallevs vwaatd salt marshes are
available to the speciéBlondel et al 2013, Galewski & Devictor 2016, Roche et al 2009)

In the same islets, nests of Yellow legged gu#ir(s michahelliy are regularly recorded

with occasionally Great cormorant, Sheldutadorna tadorng and Little egret.

In Greece, the colony sampled is located in the Axios Delta National Park (40° 32' 23.16" N
23U8' 44.71"E). Spoonbills breed here since
the country. It is a growing colony with an average of 67.5 breediing per year (2020

2023), reaching 109 nests in 2023 (Kazantzidis et al., 2023). This is a coastal wetland where
spoonbills build their nest in the top of trees, and is surrounded by salt marshes, marine
coastal areas, rice fields, freshwater marshesigarbeds. Spoonbills breed together with

Little egret, Blackcrowned Night heron, Grey heron, Pygmy cormoradvitc{ocarbo
pygmaeug Great cormorant, Squacco heron, Glossy itedadis falcinellus and

occasionally, Cattle egreB(bulcus ibi.

Lastly, in Portugal, a colony located in the Ria Formosa National Park (36°59'45.6"N
7°52'30"W) was sampled. This is one of the oldest colonies in the country, where spoonbill
breed since 1993. This colony is currently growing and in 2022 a total of $&i were
recorded. Ria Formosa is a coastal wetland, and spoonbills breed on a small islet, with nests
built on the ground or in the top of small bushes. The islet is part of a system of small barrier
islands that form a coastal tidal lagoon. The colosyisounded by extensive mudflats, salt
marshes, and salt pans. This is a mixed colony where Little egret and Cattle egret also breed.
Apart from ltaly, all spoonbill breeding colonies studied are protected as part of the Natura

Network 2000 and the Ramsar Convention.
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Data collection and breeding parameters

Due to thea posterioricompilation of data and fieldwork constraints, several data collection
methods were used (s@ppendix,TableA2.1 andA2.3 for further details in data collection

and methodology in each country).

From the monitoring of nests we calculated the following breeding parant@téosy size
the total number of occupied nest&;laying dateand15thatching dategefined as the day

in which the first egg was laid or hatched in each country and ksa@ng and hatching

periods thatwere calculated as the interval in days between the first and last laid/hatched
egg;Eggvolumec al cul at ed u s (Hoy, 1949) @lutch size theonunmber lofa
eggs laid in each nests (in the same nesting atteki@i3hing success per nesalculated

as the percentage of hatched eggs of the total number of eggs in tlidesesticcesier

country and year), calculated as the percentage of nests that have at least one hatched egg of

the total number of nests sampled in the col@wad chicks and fledged chicks per nest

calculated as the percentage of chicks that fledged or died from the total hatched eggs from

the nest.

Besides the monitoring of nests, in some colonies chick body measurements were also
collected (tarsus size, the combined size of head and bill, the eight primary feather length,
and mass) to allow the estimation of chick body conditBwdy conditionwas calculated

using the Scaled Mass Index (hereafter SMI) proposed by Peig and Green (2009), which is
considered to reflect the energy <capital
ingestion, and as such, an indicator of an animal’s general hedituality. This method

can be used for chicks of different sizes, sexes, and ages, as it standardises body mass along
a standard body measurement based on the scaling relationship between length and mass
(Peig and Green, 2009). A preliminary analysis id@tiftarsus size as the body
measurement most correlated with body mass in-bolpgcale (Peig and Green, 200Rj<
0.83,p<0.001, see other correlation resultsAppendix,Table A21), and thus this was the

metric chosen as body length in the next formula. SMI was thus calculated by applying the

formula:

YO Ow
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whereWiis the weight of the bird,iis length, in our case is tarsus lengifis the arithmetic

mean of the tarsus length of all chicks analysed gpgis the scaling exponent estimated

by the standardized major axis (SMA) regression of In(mass) on In(téiPmig)and Green,
2009) We acknowledge the existence of a spesfscific method for assessing chick body
condition proposed by Lok and collaborators (2014), that also accounts for differences in
sexes. However, this index is only suitabledbicks older than 25 days, which reduced our
sample size by 72.56% (from 492 chicks to 135). Furthermore, data from Italy would be
excluded when using this method, as the measurement of the eight primary feather, which is
essential for age estimation mg approach, was not performed. Nevertheless, we compared
the results obtained using both methods (calculated for the chicks that had all required
biometrics)and the values obtained from each method were significantly correta@é

p < 0.001 Apperdix, Fig. A2.1).

Climatic data

To investigate potential climatic drivers of variation in the phenological and breeding
patterns of spoonbills, we used daily climatic data, specifically precipitation and temperature

(mean, maximum and minimum) for the years 2020 to 2023.

Daily climatic data was obtained from the European Climate Assessment & Dataset
(ECA&D) (Klein Tank et al., 2002). This dataset contains meteorological data from stations
across Europe and presents blended and unblended data. We selected blended data, i.e.
datasets that contain climatic information from a specific meteorological station, but also, in
cases of missing data, use daten nearby stations (up to 12.5 km distance between stations
and with less than 25 m of altitude difference). We collected @l@m the nearest
meteorological station with more complete climatic information to each cokgmyefidix,

Table A22), but in a few cases (three days for Italy aight days for France), we needed

to complement it with data from other nearby stations, as even the stations with more
complete information had some datps for more detailseeAppendix Table A22). For

some countries (The Netherlands and Italy) we had to use different stations for precipitation
and temperature data. The distances betwhenmeteorological stations used and the
colonies ranged betweerad 87.42 kmAppendix,Table A22).

89



The packageClimwin (Bailey and Pol, 2016) iR software was used to conduct an
exploratory analysis of when the selected climatic factors influenced the phenology and
breeding parameters of spoonbills. This was done because we aaution knowledge of

which time window of each climatic factor would have an effect on phenology and breeding
parameters. Specifically, we tested the effects of climatic factors on the variables for which
we had more robust data: laying date, egg volume, hatgungess, andhick body
condition (due to fledging date being unknow for some chicks, fledging success was not
considered in th€limwin exploratory analysis). To be able to analyse the effects of climate
on laying dates we transformed this variable into a new one termed laying {kesdyse
1%'laying date is a singular event per year and colony and does not have with multiple data
points that can be used like thahmwind). We determined the density of laying (at colony
level) on each day (i.e. the number @sts whose S1egg was laid on that day). But as
suitable climatic conditions for egg laying might continue even after laying has ended (due
to lack of space or breeders), we considered only the days until the endbkatyiad peak

of each colony in each year. As there may have been isolated days with no laying within the
duration of the ¥ laying peak, we used a sliding window of five days of the mé&asygs

laid per day, to determine the length of this peak period of laying. This allowed ty clearl
identify peaks that ended when the moving mean was zero for the first time.

The effects of each of the four climatic factors (cumulative precipitation and averaged
maximum, minimum and mean temperatures) on breeding parameters were tested
independently, with univariate models. For temperature, we selected in each case the factor
with highest (and statistically significant) effect on 8tadied variable. A complete and

detailed explanation of this analysis, as well as its results, can be foundhopibredix

Climatic factors (during the identified time windows) that hadetiect on the phenology
and breeding parameters were retained for subsequent analysis, combining climatic factors

with other exploratory variables.
Statistical analysis

In order to explore variation in phenology and breeding parameters along geographical,
climatic and seasonal gradients, we used a linear regression framework. The response

variables were laying date, egg volume, hatching and fledging success, and clyick bod
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condition. The explanatory variables considered were Latitude and Longitude (geographical
gradient), day of the year as Julian day (seasonal gradient: excluded for laying date models;
calculated as number of days since tfiéaging date on each combination of colony/year),
previously selected climatic factors (climatic gradient) and year (controlling for possible
year effects). For all response variables considered (see below) we followed the same
procedure: 1) build théull modelwith all possible explaatory variables checking for
correlation and multicollinearity assumptions with packpgegormance(Lidecke et al.,

2021); 2) built all possibleeduced modelwith those same exploratory variables, including

the null model; 3) use the seceardler Akaike information criterionACc) to select the
most supported model, i.e., the one with the loWw&St; 4) when several top ranking models
differed by less than twaICc points, we averaged the model coefficients. The following
paragraphs describe the spieations of each set of models created for each response

variable:

Laying dates were studied through two different response variable$:layidg in each

country and year (in order to assess how early spoonbills were able to lay eggs in each
country); and b)average laying date of the first peak in eacintry and yeafby
considering the first peak, we ensure tHdcfitch was not consideredyith peaks defined
through sliding window means of density of nests whésegly was laid on that day (see
above; which allowed to define the most suitable period of laygegl in the subsequent
analysis and calculate the average day of that period). For this analysis we excluded data
from France during 2021. This was due to nests and eggs being destroyed or abandoned
following predation by Wild boarSus scrofaduring the i peak of laying, before laying

dates could be calculated.

For modelling egg volume and chick body condition, mieéféct models were used with
nest ID as random effect, as eggs and chicks from the same nest may be more similar than

eggs and chicks from different nests.

Hatching and fledging success models were built using binomial error distribution, having
as response variables the combinations of number of hatched and not hatched eggs per nest
and of fledged and not fledged chicks per nest, respectively. All thenotiuels had normal

error distribution.
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As indicated above, several nests predated in France 2021 prior to hatching were not
considered in the analysis of hatching success as laying date was not available. However, as
this excluded all nests with zero hatching success (due to nest destruatsegpnd
modelling exercise without Julian day as an exploratory variable was performed including
these nests, for which results are reportefigppendix, Table A27. Similarly, in Portugal it

was not possible to link chick body condition to each nestespite being able to back
estimate hatching date, the laying dates of the eggs of those chicks was unknown, and
therefore Portugal was excluded from chick body condition models. Also here, we
performed a second modelling exercise without Julian day@anatory variable, including

the Portuguese chick body condition data, for which results are repoApg@endix, Table

A2.7.

The explanatory variables Julian day, cumulative precipitation, minimum and maximum
temperatures (ségppendix,for how these are calculated) were standardised in every model.
Country and method (used for accessing each variable) were not used as independent

variables because of correlation and multicollinearity.

All models were fitted witlstats(R Core Team, 2022ndime4(Bates et al., 2023) packages
and assumptions checked with the packagdormance(Liidecke et al., 2021). All data
analyses were conducted in R software version 4.2.2. (R Core Team, 2022).

Results

We amassed breeding parameters from seven colonies spanning the distribution range of the
species in Western Europe (Fig. 1). However, as there is no standardised protocol for data
collection betweemmonitoring programmes, the number of parameters and sample sizes
differed between countrieg\ppendix, Table A25). As a consequence, ordata collected

in 2021 and 2022, in The Netherlands, Italy, France, and Portugal using comparable was

used for statistical analysis.

The smaller colonies (i.e. with fewer occupied nests) Wereebroek (Belgium), Holkham
(England) and Bacino bando (Italy), whereas the largest was Camargue (France) (Table 1).
Nevertheless, it should be noted that in so

in separate islands while in other cases it is just one breeding clustdis¢session).
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Climatic data from theSiof January to the 30of September of the years 2021 and 2022
varied considerably between colonies, with daily precipitation being on average highest in
The Netherlands (19.68 + 1.69 mm) and lowest in Portugal (6.11 + 1.17 mm). Conversely,
temperature was highest in Portudmlth maximum (25.95 + 2.87 °C) and minimum (13.77

*+ 2.32 °C), and lowest in The Netherlands (maximum: 14.70 + 2.95 °C, minimum: 9.04 +
2.50 °C),suggesting that the latitudinal axis could account for some of the variation in
breeding parameters across cods. All climatic data can be seenAppendix,Table A26
andFig. A22.

Phenology

Spoonbills began laying as early as Janualyi2étaly, but in some countries, such as The
Netherlands and Greece, they do not start laying until late April. The duration of the laying
period also varied greatly, ranging from 35 days (Greece) to almost four months (France)
(Fig. 2). The duration of theSipeak of laying was also variable (average days + SE: The
Netherland: 22.5 d + 4.6; Italy: 41.5 d + 7.42; France: 15 d = 2.83; Portugal: 35.3 d + 6.72),
with France having the shortest peak and Italy Iingest (Table 1). Hatching followed
similar patterns, with the exception of Portugal in 2022, where hatching period was shorter
than the laying period (due to extensive loss of faging), and of Italy in 2022, where the

opposite pattern was apparent (Table 1).
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Table 1 Phenology and number of nests of Eurasian Spoonbill in seven European breeding
colonies. Methods used in each country are indicated with superscript letters. For more
details about methods sé@pendix Some spaces were intentionally left empty as the

parameters were not calculated in given country/year. Dates are expressed in Julian days.

8 & > e £ S @5 52
C » S = 88 2 o = 28
5 = o o T Bx ¢ o RS
o S £ o3 Ss S = 5 o .£ co
> 3 7 = =2 £% £ S5 s
O o 5 S0 g x < zZs T @
A > A< Ao % < 5o
< o — [a)
2021 266 114 50 29 139 50
The Netherlands® ) 109.5 +3.2 134.5+3.2
2022 214 105 34 16 130 35
2022 43 67 105
England 107+1.4
2023 46 82 109
2021 37 81 102
Belgium 2022 38 78  837%35 99  110.7+8.3
2023 51 92 131
Italy 2021 55 41 68 52 67 61
P 335+53 59.5 5.3
2022 53 26 84 31 52 99
2021 424 79 88 104 88
France
bonse 2022 631 52 623+69 112 19 77 90595 113
2023 510 56 11
Greece 2023 109 114 35 142 34
2021 120 86 53 26 114 53
Portugal 86.0 £ 0.0 122.0+5.7
e o 2022 121 86 65 45 130 43

Notes:Methods for estimating number of nests: a) One count by foot; b) Several codiotd;lmy One count
with drone; d) Several counts with drone; €) Count and mark nests; Methods for estimating laying and hatching
dates: f) Observation on the day the egg was laid/hatched; g) Latest possible date of laying/hatching given the

date and nestate on the visit; h) Estimated by egg flotation; i) Estimated by measurement of chick(s) size.
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Fig. 217 Density histogram of spoonbills laying dates per day (Julian day) in each country

and year. Only countries with data on number of laid nestdgyeare included.

The day when the first spoonbill eg@s laid was influenced by both latitude and longitude,
but not by temperature or precipitation (Table 2; se@endix for the relevant time

windows).
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Table 2 Results of top ranking linear and generalized linear mixed models for each response
variable. Top ranking models were selected based on Akaike Information Cr{i&liZxr)

(see methods for more details alppendix,for model selection). For response variables
marked with * we present the full averaged results and adjusted standard errors (SE). Nest
was used as random factor on models predicting Egg volume and Chick body condition. The
reference Year is 2021 ap&alues< 0.05are highlighted in boldResults of the topanking

model sets for each response variable are presentgapandix, Table A28.

Response N Fixe effects Estimate SE tor z value p
Intercept -1.6 27.1 -6.0 0.004
1stlaying 7 Latitude 5.7 0.63 9.0 p< 0.001
Longitude -4.9 0.51 -9.6 p< 0.001
Average laying date 7 Intercept 87.6 11.0 8.0 p< 0.001
Intercept 69733.1 2068.4 33.7 p< 0.001
Precipitation -2900.0 502.2 5.8 p< 0.001
Eqg volume* - Longitude 314.1 69.9 4.5 p< 0.001
Year 2022 1186.0 2022.7 0.6 0.558
Year 2023 1687.0 2621.6 0.6 0.520
Day -60.1 234.6 0.3 0.798
Intercept 4.4 0.8 5.7 p< 0.001
Longitude 0.1 0.02 8.5 p< 0.001
Hatching success 428 Year 2022 0.6 0.1 4.1 p< 0.001
Day -0.3 0.1 -3.6 p< 0.001
Latitude -0.1 0.01 -4.9 p< 0.001
Intercept 8.4 1.0 8.2 p< 0.001
Latitude -0.1 0.02 6.5 p< 0.001
Fledging success* 313 Longitude -0.2 0.02 6.7 p< 0.001
Year 2022 -1.0 0.2 6.2 p< 0.001
Day 0.02 0.1 04 0.71
Intercept 789.4 101.0 7.8 p< 0.001
Precipitation 33.8 7.0 4.8 p< 0.001
Chick body condition* = 418 Py 05 04 L2 023
Latitude 7.7 1.8 4.3 p< 0.001
Longitude 12.2 2.5 4.9 p< 0.001
Year 2022 -3.8 9.5 0.4 0.69
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Egg laying started earliat lower latitudes (Fig3A), but also at higher longitudes (F8B).
Although average maximum temperature (11 to 1 day before) had an effect on average laying
date Appendix,Table A24), this variable was not included in the 4@mking model of ¥

lay date or average lay date (Table 2).
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Fig. 37 Variation on date ofllaying with (A) latitude and (B) longitude. And variation on
spoonbill egg volume (C) with longitude and cumulative precipitation (D) in the 20 to 6 days
before laying (precipitation values are standardized). The red lines represent the effects
resulting from the topranking linear models. The grey shaded areas represent the 95%
confidence interval of the predictions, and coloured circles represent the raw values for each

country.
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Conversely, for the average laying date of the first peak, thmtdpng model was the null
model,meaning that neither latitude, longitude, nor year, explained any substantial variation

on this variable (Table 2).
Clutch size and egg volume

Spoonbills had an average (+SE) clutch egg size of 3.2 + 0.03, ranging from one to seven
eggs. This number is very similar to the average clutch size per colony and year (Table 3)
indicating little variation in this parameter. For egg volume, data frogetbolonies were
considered (ltaly, France and Portugal, Table 1). The average (+SE) volume of spoonbill
eggs was 71204.9 + 337.4 mwith eggs from France having the largest volume and those
from Portugal the smallest. (Table 3).
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Table 3 Breeding parameters of Eurasian Spoonbills in seven European colonies. Methods
for estimating number of dead and fledged chicks are indicated with superscript letters. For
more details about used methods Appendix Some spaces were intentionally left empty

when the parameters were not calculated in a given country/year.

7 -
N S B o *E SPgzam 8 Som SETD
< o & c2 5 S50 > eQn SS2zo
()] o o S mCD mo%ﬂ n X (@] +| Q)-DL-I-I
> s Se 5 E >s08 B £28 2588
= =) c ~ () (&} ©
o O S g < S o g5 < e S o
75.1+
The 2021 3.4+01 1-5 66.5+35 73.6 249+37 37
Netherlands 40'5+
®.2) 2022 3.6+0.1 2i5 82.3+25 855 595+36 36
73188.3 75.7 +
italy 2021 3101 2-5  Too70 900£33 813 243:44 44
(@b.2.3) 71606.3 31.0+
2022 3.1+0.1 2-5 L7604 869%36 900 329+53 49
82.7 +
2021 29+0.1 1-5 705+4.7 789 17.1+3.8 37
France 76375.6 88.1 +
@b2.3) 2022 3.1+01 1-5 tc103 00656 67.7 8327 30
2023 35+0.1 3-4 ngfff
Creece 2023 31:01 2-4 69.4+9.0 100.0 0.0 b
2021 3.4+01 1-7 50.7+3.7 721 12.8+3.2
65297.9
Portugal 2022 2.8+01 1-5 39.2+4.9 481 20.2+49
(@) +483.9
2023 3.2+02 2-4 iggfg";

Notes:Methods for estimating number of dead chicks: a) Count of dead chicks in the nest cup; b) Count of
individually marked dead chicks in the nest cup or in the colony area; Methods for estimating number of fledged
chicks: 1) Chicks alive until they leave thest; 2) Counts of marked "almost fledglings" (chicks of 15 days of

age or older) at ringing session; 3) Counts of marked "almost fledglings" (chick of 15 days of age or older) at

the end of the season.

Eggvolume was influenced by longitude and cumulative precipitation (between 20 to 6 days
before laying) (Table 2). Egg volume increased with increasing longitude 3€Ejgand
decreased in periods of more rain (B®). We found no statistically significant effect for

day of the season or year. Latitude and minimum temperature (60 to 18 days before laying)
were removed from these models due to multicollinearity effectsn lexploratory climatic
analysis egg volume decreased with increasing minimumeeanpes Appendix, Table

A2.4).
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Breeding success (hatching and fledging)

Spoonbill nests generallyad a high nest success rate (i.e. proportion of nests with at least

one egg hatched), particularly in Greece (2023, 100%) and Italy (2022, 90%), but it was
particularly low in Portugal in 2022 (48.1%; Table 3). Hatching success, quantified as the
percentge of eggs hatched from the total number of eggs per nest, was higher in Italy (2021:
90.04 + 3.31 %; 2022: 86.94 + 3.56 %) and lower in Portugal (2021: 50.68 * 3.74 %; 2022:
39.18 + 4.88 %). Furthermore, hatching success seerasytwvith year in each colony, with

The Netherlands having the largest variation across the studied years.

Both latitude and longitude influenced hatching success, with the estimated effect being
higher for longitude (latitude:0.09 vs longitude: 0.14; Table 2). In fact, in the model of
hatching success that includes data from France 208ieqdix, Table A27), latitude was

not statistically significant. Hatching success seemed to increase with longitude and decrease
with latitude (Fig 4 A and B). In the year 2022, spoonbills had a higher hatching success
than in 2021 and hatching success decreased with day of the season (Tabk @).Fig
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Fig. 4 1 Variation on the probability of: spoonbill eggs to hatchGAtop row); and of
spoonbill chicks to fledge (IE; bottom row) along latitudinal (left column), longitudinal
(middle column), and seasonal gradients (only for hatching). The red lines reghesent
effects resulting from the teganking linear models, the grey shaded areas the 95%
confidence interval of the predictions and black circles show the values for each country.
Coloured boxplots represent the distribution of raw values for eaahtry (frequency of
hatched eggs/fledged chicks per nest).

The percentage of dead chicks per nest was generally low, ranging on average (xSE) from
zero (Greece) to 32.87 £ 5.26 % (Italy) (Table 3). It should however be noted that this metric
is biased to chicks that are found dead and therefore it represents anipithem value.
Conversely, the percentage of fledged spoonbills per nest was overall high (Table 3), being
highest in France (2021: 82.74 = 3.73 %; 2022: 88.1 + 3.19 %) and Greece (2023: 79.63 £
8.69 %), and lowest in Italy (31.02 + 4.9 %). Longitude and latitude heaffexst on fledging
success (Table 2), which was lower at higher latitudes and longituded4 -and E). Year
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also had an effect, being the opposite of the effect on hatching success; while 2021 was the
year with the lowest hatching success, it had the highest fledging success. We found no effect
of day on fledging success (Table 2).

Body condition

Body condition was on average (£SE) 1249.72 £ 6.28 (Table 4), being lowest for France in
2022 (1159.07 £ 15.14) and highest for Italy in 2022 (1314.01 £ 20.66).

Table 4. Biometrics and body condition of Eurasian Spoonbill chicks (near fledging). Body
condition was calculated as Scaled mass index (FRH)g & Green 2009)This method

standardizes mass to a given size of chicks (in this case, size was dpasacsus

measurement).
Year Average tarsus = Range tarsus Average body Range body
size (nm) (mm) condition (SMI) condition (SMI)
2021 118.0+1.1 87.0i 149.0 1299.9+7.6 439.5
The Netherlands "
2022 1185+ 1.0 104.0i 139.0 1281.8+11.8 535.6
ital 2021 76.2+2.1 25.2i 129.8 1264.1 + 21.6 1456.0
y 2022 79.4+3.0 42.71 121.3 1314.0 £ 20.7 580.4
Erance 2021 121.0+24 69.0i 154.0 1197.7 +12.0 696.9
2022 130.6 + 2.3 85.01 160.0 1159.1+15.1 1014.1
Portugal 2021 138.8+1.9 91.17 152.7 1220.4 +13.1 323.0
g 2022 1344+1.4 110.47 151.8 1179.6 +15.5 476.6

Both latitude and longitude had a positive effect on chick body condition (Table. BAFig

and 5B). Maximum temperature (averaged over the period between 13 to 7 days before
measurement date) was excluded from this analysis because of multicollinearity effects. We
found no effect of day of the season on chick body condition (Table 2).lyFmahulative
precipitation (between 16 to 8 days before measurement date) was retained irdh&itap
models, supporting the idea that chick body condition increases with increasing precipitation
(Fig. 5C). However, when we built models including fagal, and thus excluding the
variable Day, only cumulative precipitation had a statistically significant result (body
condition of chicks increased with increased precipitatigpendix, Table A27).
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Fig. 51 Variation on spoonbill chick body condition (BC) calculated as Scaled Mass Index
(SMI) along (A) latitude gradient, (B) longitude gradient, and C) cumulative precipitation.
The red lines represent the effects resulting from thedoking linear models. Ae grey
polygons represent the 95% confidence interval of the predictions and coloured circles

represent the fitted values for each country.
Discussion

In this study we have successfully compiled information on various breeding parameters and
phenology of spoonbills throughout the European breeding range of the species. Generally,
the data collected were in accordance with what is known for the speurgsisiagly,
spoonbills at the lowest latitude and longitude (Portugal) start breeding as late as those at the
highest latitude (England and United Kingdom) and longitude (Greece), which may be
driven by local environmental factors. In fact, we found dievidence supporting general
largescale patterns (geographically or climatic), suggesting that local conditions may be

more important in influencing phenology and breeding parameters of spoonbills.
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Phenology

Spoonbills are known to have a long breeding seasibim,previous reports of egg laying
occurring between February and early Jiftguilera et al., 1996; Lok et al., 2014, 2017,
Triplet et al., 2008)and the data presented in this study fits this pattern, despite laying in
Italy could start earlier than described in the literature. The results are in alignment with our
hypothesis that laying would be possible earlier at lower latitudes (i.e., favioyrgigher
temperatures) and at higher longitudes (i.e., due to warmer continental temperature), except
for Greece, which started as late as the highest latitudes and lowest longitudes, but it is also
the only colony for which one year of phenology data was possible to attain and could
therefore be a spurious year. We did not find an influence of temperatine averall

model, but this may be explained by the fact that the analy§irofvindwere relative to

laying density (due to methodological constraints, asiyling date is a singular event per

and colony and not a distribution) and not to the actatd df first egg laying. Moreover,

the fact that the average egg laying date of the first peak was not significantly correlated
with any studied parameter, including climatic variables and thus, temperature, suggests that
even if a temperature threshold yraotentially influence the onset of laying, it is unlikely

to determine average laying dates over all study sites. Furthermore, laying density
throughout the season and average laying date may be affected by other local conditions,
such as food availabiyi or migration distancéLok et al., 2017) Species and individuals
breeding at higher latitudes tend to have shorter breeding windows due to the limited period
of favourable climatic conditions, than those breeding at lower latit{@@sthier, 1993)
Surprisingly, despite being at the lowest latitude of the study, laying in Portugal started as
late as in some of the northern European colonies (i.e., The Netherlands and United
Kingdom). Possibly, in addition to a shorter window of favourable enviratah&nditions
(Gauthier, 1993) the later laying date of northern European colonies such as The
Netherlands, could be due to the longer migration these spoonbills have to d€bbivith

al., 2017) Nevertheless, this does not explain the later laying observed in Portugal where
residents are present through the year. It may the case that as both these colonies are
influenced Atlantic waters, vs the Mediterranean waters in Italy and France, foathaben

may only increase later in the seag@andvik et al. 2012) For instance, the fledging
success of Atlantic puffing=(atercula arcticg is influenced by the availability of firgtear

Herring Clupea harengys which in turn is mediated by sea temperatBasant et al.,
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2003) In Portugal (Ria Formosa), spoonbills feed their chicks with crustaceans but also with
fish (Rodrigues et al., 2023&50 it is possible that spoonbills synchronise their laying period
with the peak of prey availability in the Ria Formosa lagoons, a known nursery for fish
specieqErzini et al., 2022; Ribeiro et al., 2012; Vasconcelos et al., 2010; Whitfield,.2017)
Finally, these results can also be explained by flooding risk early in the season. In Portugal
and in the Netherlands, extreme sprirded may prevent nest construction, and in The
Netherlands, the timing of breeding is known to be influenced by the risk of early season
flooding (Van De Pol et al., 2010)et, both Portugal and The Netherlands had a laying
period within the time window reported for the spe¢@samp and Simmons, 1977; Triplet

et al., 2008) and in accordance with other monitored sites, such as Greece, which is
influenced by the Mediterranean Sea and at a low latitude and thus an exception to our
overall trend. Furthermoyen the United Kingdom, spoonbills are known to nest in trees
(Bloomfield, 2023)and despite not facing a flooding risk, breeding starts as late as Portugal
and The Netherlands. The early laying in France and Italy may be driven by a combination
of factors, namely favourable environmental conditions (linked with lower latitudesgrhigh
food availability (during laying period, e.g., high crayfish availability in Camarngle&eri

et al., 2014pnd a higher prevalence of resident individuals compared tutlibe surveyed
colonies (e.g., increasing resident population in Camangoessy et al., 2023)with the
exception of Portugal (which also contains resident individuals). It should also be noted that
colonies in France and Italy have recently experienced high population growth
(Champagnon and Kralj, 2023; Tenan et al., 2@hd this is likely to attract new recruits

and even promote immigration, which may contribute to the longer laying if indeed
incoming individuals each year breed later than thosénthe attracted therhlowever, the
considerably longer laying period in the French colony may be further influenced by the
individuals breeding in multiple breeding islets, while in the remaining locations only a
single breeding site was considered, which may result in aemfating period. As for the
multiple laying peaks observed in all surveyed colonies (usually two to three), these are
unlikely to be related to environmental conditions such as temperature and precipitation, but
instead to the breediphenology of the species. In bird species, older and more experienced
individuals tend to arrive at breeding sites earlier and in better condition than inexperienced
breeders, which likely allows them to lay earlier than latter individuals in pooreitioond
(Balbontin et al., 2007; Béty et al., 2003; Brown, 1969; Drent et al., 2003; Drent and Daan,
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1980; Lack, 1966; Lok, 2013; Neafdegg and Tingley, 2023). This is partly the case for

the Black kite Milvus migran$, where the oldest individuals not only migrate more
efficiently, but also depart from their wintering sites earlier to arrive earlier at breeding sites
(Sergio et al., 2014). Previous studies on spoonbill populations in Western Europe and the
Pannonian Bsin have suggested that older, more experienced, spoonbills also arrive earlier
at the breeding sites (de le Court and Aguilera, 1994l Kt al., 2012). Furthermore, in the

case of the Dutch breeding population, older breeders undertakingl&tarnice migration

were found toadvancetheir breeding timing, whereas those undertaking -idistance
migration did not (Lok et al., 2017). This resulted in a further widening of the gap in breeding
timing between shoistance and longistance migrants (Lok et al., 2017). In Chapter 3,
olde spoonbills were also found to arrive earlier and to be associated with the earliest nests
in Camargue.Thus, the multiple peaks in laying are also likely to be related to age
demographics and migratory behaviour in each site, with older individuals laying first, which
is further accentuated by the differences in arrival time of migrants travelling differen
distances. Finally, multiple laying peaks may also be caused by renesting of breeders that
lost their first clutch. For example, in France, following mass predation of chicks or eggs by
wild boars, breeders generally abandon predated nests (Champagalon2é21)and
attempt to renest in nearby islets, thereby generating a new breeding peak.

Clutch size and egg volume

Although clutch size varied from one to seven eggs depending on the colony, the mean clutch
size was consistent across colonies and years (3.18 £ 0.03 SE), and consistent with previous
reports for this species (three to four eggs on average) (Cramp ambiBmLo77; Triplet

et al., 2008). From the exploratory climatic analysis, it seems that egg volume was affected
by climatic conditions, decreasing with temperature and precipitation. There is no clear
consensus on the general pattern of intraspecifiatiami in egg size with temperature
(Christians, 2002), with some studies finding support for an increase in size with increasing
temperature (Jarvinen, 1994; Lessells et al., 2Q0&)yinen 1994, Lessells et al 2002)ile

others reporting the opposite pattern (Potti, 2008; Tryjanowski et al., 2004). However, it is
likely that other factors that are correlated with temperature may affect egg size, leading to
variable effects of temperature on egg size pattern (R6@i8; Tryjanowski et al., 2004).

The fact that neither temperature nor Julian day were selected in theuppstted model
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seems to support a lack of a direct relationship between temperature and egg volume. If there
was indeed such a relationship, we could expect a global seasonal (i.e., common to all
colonies) increase or decrease in egg volume, which was not the casevéviaasdhe best

time window identified for a temperature effect on egg volume was 60 to 18 days prior to
egg laying, it is unlikely that migratory individuals were already present in the colony during
this period, especially in the case of The Netherlandsere the population is fully
migratory. Alternatively, some studies suggest that productivity and egg size are related to
the quality of the breeder, namely the female, such that lower quality breeders are generally
associated with lower productivity dipossibly smaller eggs (Reynolds et al., 2003; Styrsky

et al., 2002). Different factors could lead to smaller eggs in Portugal than those in other sites,
for example due to a higher presence of lower quality breeders in this site (compared to the
other sies), or a lower food availability. In Portugal, spoonbills breed and feed in a tidal
habitat, thus food availability might be constrained by tides which is not the case in France
and ltaly. In the case of the Cassin’s aukity¢horamphus aleuticysindividuals whose
pre-breeding diet consisted of lower quality food sources laid smaller eggs than those that
feed on higher quality food (Sorensen et al., 2009). Common 8tasé hirundd were

able to produce eggs of apparently higher quality (presumbbbtause respective chicks
were heavier than other chicks, although these eggs were not larger than those of
conspecifics), by delaying their laying and potentially benefiting from a longer period of
resource gathering (Arnold et al., 2006). This is #tsocase of females of Great farus

major) which do not start laying before they find enough food to produce an egg (Perrins,
1965). Thus, low food availability (or a smaller food availability peak) could explain the
patterns found in Portugal, specdlly later onset of laying, lower egg volume, and
relatively higher mean chick body condition than France (which had the largest sggs
below). Furthermore, this would be consistent with the idea that breeder condition, rather
than age or experiencejay drive the timing of breeding (Gonzal8nlis et al., 1999;
Wendeln and Becker, 1999), at least when food availability is low. Alternatively, in
Schiermonnikoog, a possible sidaven habitat preference was found, with females and
smallerbilled (likely also smallessized) males being more likely to forage in marine habitats
compared to freshwater habitats (Lepel@f?24. As birds from the Portuguese colony
forage in marine/brackish habitats, this site might be more suited to smaller individuals who

may lay smaller eggs.
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While no clear relationship was found between egg volume and temperature, egg volume
decreased with increased cumulative precipitation, suggesting that this breeding parameter
is indeed affectelly climatic factors as predicted. However, after plotting the raw data along
with the model prediction (Fi@D) it seems that this result could be driven by the Portuguese
data and as such may be related to local cons{@igs food availability), rather than being

a true pattern. Finally, there was also ncseaal trend in egg volume. Nevertheless, the
decreasing trend in egg volume with increasing minimum temperatures found in the
exploratory climatic analysis, could indicate a seasonal effect too small to be detected in our
analysis, driven by the smalleesiof the eggs in the second or by the lower quality (younger
and likely less experienced; Chapter 3) of breeders at the end of the season. Second clutches,
and breeder inexperience might also explain the decreasing seasonal trend found for hatching

succes.
Breeding success (hatching and fledging)

Contrary to our predictions that climatic conditions would influence spoonbill breeding
performance, hatching, and fledging success were highly variable among countries and
years, with no consistent climatic (climate was only tested for hatching, seedsjetino
seasonal effect found (except for hatching success). Latitude and longitude seemed to affect
hatching success, although this may be due to a higher probability of failure in extreme
countries of the breeding range (Portugal and The Netherlandsjtiohddy, when
including data from wild boar predation in France (2021), no significant latitude effect was
found, further reinforcing a lack of an overall geographical pattern. Furthermore, when
considering egg volume, Portugal which had the smalles, edgp had one of the lowest
hatching successes, reinforcing the hypothesis that these eggs and/or breeders were of lower
quality. Thus, the fluctuating hatching success found in this study appears to be associated
with stochastic events such as high lewa predation (e.g., wild boar predation in France
Champagnon et al., 2021), flooding of nests due to rising water levels combined with spring
tides and extreme wind and precipitation events in coastal colonies (e.g., Portugal and
Netherlands)de le Court 2013, van De Pol et al 2Q1dY)other sources of disturbance that

may lead to nest abandonment and hatching failure. This is consistent with what has been
reported for this species, which generally has high hatching and fledgling rates (Cramp and
Simmons, 1977; Triplet et al., 2008)lowever, this result should be taken with care as
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hatching estimates may be inflated due to variation on field protocols. Fledging success was
also found to be significantly correlated with latitude and longitude, but this should also be
considered with care as it seems to be caused by France havingfleidbmg success. If

there was indeed a geographical pattern associated with environmental conditions, we would
expect to see an increase in fledging success towards lower latitudes (associated with better
conditions)and a decrease towards lower londés (associated with worse conditions), but

the opposite occurred @4 C and D). The higher fledgling success observed in France may
be explained by a possibly higher food availability in the Camargue, particularly of crayfish
(i.e., peaking between April to June; Meineri et2014). Nevertheless, it can also be related

to a higher success rate in identifying chicks from monitored nests in this site. This task can
be particularly challenging in other sites with difficult access and is further coteplibg

the high rate of temporary mark loss of spoonbill chicks.
Chick body condition

Body condition appears to be mainly positively correlated with cumulative precipitation in
the weeks preceding the measurement. We expected that a higher frequency or more intense
local precipitation, would negatively impact the body condition of spoattiitks due to a

lack of accumulated energyWhen food availability is low, animals may reduce their overall
growth or prioritise different organs and structures that are more advantageous for their
current situation (e.g., fat accumulation for thermoragoh) (Schew and Ricklefs, 1998)
Thus, body condition being higher with higher precipitation, could be due to a shift in the
balanceof chick investment, favouring fat accumulation over skeletal development (Starck
and Ricklefs, 1998). Using the SMI method to estimate body condition, a higher weight
associated with a small tarsus would translate into high body condition, so if cladis, ar

then they will have high body condition when precipitation is high. This is supported by the
fact that the two catries with the lowest daily temperaturdalfy and The Netherlands)

and the country with more precipitation (The Netherlandgpéndix,Fig. A22), had the
smallest tarsus but also the highest body condition, suggesting a laageusatulation for

a small tarsus. In Pied flycatcheRdedula hypoleyca small tarsus length iohicks has

been linked to lower food availability, likely due to competition between breeding pairs
(Alatalo and Lundberg, 1986). Another possibility is that extensive periods of precipitation
may have caused mortality of chicks with lower body condii¢msicki and Indykiewicz,
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2011), and therefore only surviving chicks with higher body condition were measured. This
is the case for chicks of Rock ptarmigaagopus mutg which, like spoonbills, are unable

to selfthermoregulate properly during the first weeks of life, and therefore die during
unfavourable weather from starvation while being brooded or from cold when the adult
leaves to forage (Marti and Bossert, 1985lsdh and Martin, 2008). Furthermore, in The
Netherlands, the total amount of precipitation was negativelylateeith breeding success

of spoonbill of the Schiermonnikoog colony (Lok et al., 2017). Finally, low precipitation
could in fact also negatively affect the availability of food on freshwater habitats, but only
if water levels are not artificially contdedd, which happens commonly in irrigated fields
and with damming of rivers. However, as spoonbills can feed both in freshwater and
intertidal areas (EHacen et al., 2014; Oudman et al., 2017), this explanation seems unlikely,
and it will be only relevantor freshwater dependent colonies, which is not the case here.
Finally, as the time window defined for the effect of precipitation on chick body condition
was 16 to 8 days before the measurements were taken, it seems unlikely that low
precipitation in thishort period would affect water levels to the extent necessary to reduce

food availability.
Importance of monitoring programs, collaboration, and standardised field protocols

We hope that this work can serve as a baseline for better understanding spoonbill breeding
ecology at large spatial scales. Furthermore, we consider that this study highlights the
importance, not only of lorterm monitoring programmes, that can detecipmal changes

(and spatial if implemented in more locations, ideally covering the entire species range), but
also of common standardised field protocols that can be used elsewhere and help to detect
patterns, and exceptions to those patterns, that magatediocal mismatches with
environmental changes or responses. In fact, the main constraint of this study was the low
sample size for statistical analysis and the variation in data collection protocols, which
sometimes limited our capacity to detect antéroret geographical patterns and their
possible explanation due to association with other environmental or local factors. For
example, fledging success was estimated by identifying temporary marked chicks, and as
marks were different among countries d&bdity may vary. The same applies to chick
mortality, as some dead chicks may be removed (e.g. by gulls) before detection. However,

such removal rates should not vary considerably between the two years of the study and as
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the protocols are similar between years, most variation in this parameter should originate
from other factors. Finally, while some colonies are fully monitored (i.e. all nests), others
are sampled, but as long as, this is done randomly, as was the easahgotential biases
should be kept to a minimum .We found that local factors, such as food availability,
predation or local quality of breeders, may be more important in driving breeding parameters
and phenology of spoonbills than global patterns aghatitude/longitude and climatic
factors. However, we found an overall latitudinal trend in timing of breeding where in
general spoonbills at lower latitudes start laying earlier that those at higher latitudes.
Moreover, we discuss how local conditiormuld potentially affect this trend and disrupt

this pattern, as is the case with Portugal and Greece. Good quality data from the entire range
is essential to identify patterns and exceptions driven by local conditions, and to better
understand how differérpopulations of the same species will respond to increasingly

prevalent global environmental changes.
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Fig. A2.171 Correlation between body condition index results applied to Eurasian spoonbill
chicks (~0.66, p < 0.00). Scaled Mass Index was calculated basedPeiyg and Green
(2009usi ng tarsus size and mass. Loketkl@®61l4met hoc

using tarsus size, P8 feather length and mass.

Table A21. Results of correlations (in ldgpg scale) between bodymeasurements of

Eurasian Spoonbill and their body mass.

Body measurement N Correlation R? p
Tarsus 492 0.83 p <0.001
P8 feather 368 0.43 p <0.001
Head + bill 158 0.76 p <0.001

Field data collection methods

Due to the a posteriori compilation of data and fieldwork constraints, several data collection
methods were used. The methods used to estimate the number of nests were: a) Counting by
foot, walking in the colony, and this could be done in one or seveitd W the colony; b)

Count done by observing drone acquired images, which could also be done once or several

times; ¢) Counting the new nests each visit to the colony and marking each nest with unique

124



label so they are identifiable. For estimating laying and hatching dates the methods used
were a) Direct observation on the day the egg was either laid or hatched; b) Calculating latest
possible date of laying given the date and nest state on the viggd)otation(Liebezeit

et al 2007)d) Measurement of chick(s) size and back calculation for obtaining lay and hatch
dates. For calculating the egg volume only one method was implemented that was measuring
the maximum length and width of the egg and following the formuldogft (1979) The
estimation of number of dead chicks was made either by counting only chicks found dead
inside the nest cup or by counting unique labelled chicks in the nest cups or colony area. For
inferring the number of fledged chicks, two methods were used: @)t@d chicks alive

until they are able to leave the nest (around 15 days of age); b) Count of unique labelled

fledglings (chick of 15 days old or older) at the end of the season or at ringing sessions.

Table A2.2. Details of the meteorological stations usedetimieve climatic data associated
with each breeding colony in each country. Data from European Climate Assessment &
Dataset projectKlein Tank et al 2002)The nearest station with more days of information

of each country was selected. Climatic data from the years 2020 to 2023.

Precipitation Temperatur e
Count Di st He i Di st He i
. i sta ei g . i sta ei g
Statio Stati
(k m (m) (k m (m)
The Schiermo 4.42 1 Lauwer:  9.45 2
Net her
I taly Mezazno 2.00 4 Bando 5.49 3
ovest
Franc Montpel g5, , Montop-el 5, 4,
Aeropor Airpo
Port ui Huel va 87 . 4 17 Huel v 87 . 4 17
*Compl emented with temperature data (maxi mun
(distance: 9.67km, height 8m) for three mis
mini mum temperature for t heGgielmanelOl2a (wdiss taa
3 m)
** compl emented with precipitation data fron
few missing days (07/09/2022, 24/ 10/2022, 17
10/ 07/ 2023)
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Climatic windows analysisi methods and results

Climwin is a useful tool for evaluating the effect of climatic conditions on the ecology of
species, as it does not requargeriori delineation of the time windows in which the climatic
factor would have largest effect on the focal paramgten de Pol et al 2016 limwin

tested all the possible time windows with user defined restrictions, specifically how far or
close in time those can be (see below), by comparing the result of a linear model containing
the climatic factor in the specific time window, with a model ofghme time window but
without having the climatic factor. Then it uses informatibeoretic model selection
criteria, specifically Akaike Information CriteriorA[(Cc) selecting the one with lowest

A | .o avoid Typd errors in this procedure, evfollowed the suggestion of run 100
randomizations of the datag®ailey & Van De Pol 2016, van de Pol et al 20I8B)is was

done by creating random datasets with our data associated with different dates, and
consequently different climate values, thus testing the likelihood of obtaining the same result
at random. Because of the uncertainty of knowing the exact loeilronly by A | ,@ve
grouped the models whose Akaike model weights summed equalled to 95%. Then we used
multi-model inferencing on those models to report the estimated time windows and effects
on the studied variables. However, when this 95% confidenocggvas constituted by more

than 10% of the tested models we did not use that climatic information as it may be
associated with weak signals or with several windows of influence of the climatic factor and
averaging it would not make a reliable respo(Bailey & Van De Pol 2016)We used
relative time windows, which consider the time windows relative to the date of the event,

for example a time window of 20 to 12 days before each egg laying.

For laying densityand egg volume, the range defined was 60 to O days prior to the egg
laying. For hatching success, the range was only 26 to 0 days before the egg was hatched
(average incubation time). Finally, for body condition, the range was 35 to 0 days before the

chick was measured, in an attempt to encompass the entire growth period of the chick.

For analysing the effects of climate on egg volume and body condition we used linear mixed
model with nest as random effect because eggs and chicks of the same nest are probably
more similar in size and body condition than eggs and chicks of differeat Adst models

created to analyse density of laying dates and percentage of hatched eggs per nest were linear

models.
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The functions used to aggregate climatic data within time windows wene for
precipitation (that is, cumulative precipitation during time window) andan for
temperature (that is, average temperatures during time window. All four climatic factors
(precipitation and maximum, minimum and mean temperature) were tested independently.
For temperature, we selected in each case, the factor in models witltgéwker€cdmpared

to the null model (if it was also a true positive).

Maximum temperature was the temperature factor that had the greatest effect on laying
density (Table SM3). The best identified window coincided with the median of the 95%
confidence group (1 days) Table A24). As the maximum temperature increased, the
likelihood of having more eggs laid per day also increased (Model averagel . TVabl& |,

A2.4). Both precipitation and maximum temperature results were not considelssl
Positives(both randomisatiop< 0.001, Table A24), however, for precipitatiothe 95%
confidence group included 14% of tested models so we did not consider the results in the
subsequent analysis. Nonetheless, the effect of the 95% confidence group was negative
(Model averaged =-0.001 Table A24), i.e. laying density per day decreased after more

precipitation.

Minimum temperature was the temperature variable with the strongest effect on egg volume
(Table A23). The best time window identified was 60 to 26 days prior to the egg being laid,
but considering the 95% confidence group, we increased this window to 60 to 18 days before.
Thus, when the average of minimum temperatures in this time interval was lereggh
volume increased (model averaged -9£4.49 Table A24). Precipitation also influenced

egg volume Table A24), but with the time window being shortnd closer to egg laying

(95% confidence group: 20 to 6 days before). When cumulative precipitation increased in
this time interval eggs were larger, even if this effect was smaller (model averaged

19.81 Table A24). Both the results of minimum temperature and precipitation were

considered’rue Positivegrandomisatiorp < 0.00)).

The climwin analysis did not reveal any clear signal of the effect of climatic factors in
hatching successTéble A24). Cumulative precipitation results were considerdeabse
Positive(randomizatiorp = 0.21).The best temperature predictor seemed to be minimum
temperature (based ogpA | @esults; Table A23), and even thought this result was
considered drue Positivgrandomizatiomp = <0.01), the 95% confidence group included
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56% of the tested model3dgble A24), indicating several possible peaks of effect of
temperature in hatching success or a very small Bailey & Van De Pol 2016)

The temperature factor with the greatest effect on body condition was maximum temperature
(Table A23). When the maximum temperature in the 13 to 7 days before capture increased,
the body condition of the chick decreased (model averaged.817 Table A24).
However, cumulative precipitation in the 16 to 8 days before the ringing, had an opposite
and positive effect on chick body condition (model averagedd:367 Table A24). The

results of these models were considéFage Positivegboth randomizatiop < 0.00]).

Table A2.3. Comparison of results obp-rankingerred using Akaike information criterion
(AICc)) fitted with temperature factors resulting fr@diimwin analyses. All models were
considered True Positives after the randomization process. In bold is the variable selected

for further analyses (the one with | ower o

Top malleCes

. Ma xi mun Mi ni mum Me an
Vari abl e
temper a temperat temper a
Laying d -93.83 -44. 35 59. 14
Egg vol 53.03 64. 38 -46. 89(
Hatching -23. 37 -34. 85 -28.51
Body <con -51. 30 -18. 55 -35. 79
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Table A24. Results of climatic analysis inspecting possible effects of climatic factors in
several breeding parameters us@gnwin (see methods for details). With this procedure

we have information on the best window (the period when the climatic factor had more
influence over a given response variable). We present the median start and end days of time
windows and the model averagestimate (). When more than 10% of the created models
were part of the 95% confidence group, or if randomizgtiaas higher tha0.05, models

were discarded. In bold are results of models that were used in subsequent analysis.

o @ _ S nSo 2 N
o 8§28 2, 2, sks ¥ B3®
Variable Climatic < £ © ';‘cs ° £2 228 £. B8 -
response factor Zc = o s> S5 &S 56 c
g B O o c T4h ©BET T S5 G
Vo o c oS¢ o T 22
m O [ @ X EC o v c
= 04 = S = = 9
Lay dates tg"r:;g:‘aﬂe 9383 11-1 0001 <0001 2% 001 11-1
density ' pecipitation  -26.27  46-0  -0.001 <0.001  14% = -0.001 43-3
Minimum ' 6438 §0-26 -100.15 <0.001 4%  -94.49 60-18
Egg volume temperature
Precipitaion =~ -73.63 19-7 -21.52 <0.001 3%  -19.81 20-6
Hatching té\”r:]rgemr‘;'t{‘”e 3485 25-23 -0.01 <0.001 56% @ -001 21-6
SUCCESS  precipitation  -4.81  10-9 001 021  84% = 0.002 18-9
Body tg"rﬁggpa‘ig‘re 5130 31-30 -091 <0.001 6% = -0.82 13-7
condion b o cinitation  -48.78  16-7  0.39  <0.001 4% 037 16-8
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Table A25. Number of nests or individuals sampled for each breeding parameter in the seustaés and years.

Country Year
2021

Portugal 2022
2023

2021

France 2022
2023

2021

The Netherlands

2022

2021

Italy

2022

Greece 2023

Laying
date

120
79

58
56
20
74
62
52
43
8

Hatching
date

66
25

58
56

74
62
50
42
8

% of
N:gg}jt;egec;f hatched
nest eggs per
nest
120 104
77 77
12
72 71
77 62
20
55 53
53 53
48 48
47 47
15 12

Number of nests sampled

% of dead
chicks per
nest

75
38

56
42

55
53
39
33
9

* Only individuals with information about tarsus size and nvese included

% of
fledged
chicks per
nest

56
42

55
53
39
33

Egg
volume

73
12

65

20

11
31

Number of individuals sampled

Egg

volume

203
38

205

68

34
89

Tarsus
size*

22
48

58
56

119
69
76
44

Standard
Mass Index
(SMI)

22
48

58
56

119
69
76
44
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Table A2 6. Daily climatic data summary retrieved from European Climate Assessment & Dataset (EQA&D)Tank et al 2002rom
meteorological stations in the vicinity of the spoonbill colonies Tsde A22 for more details). Climatic data fron &f January to 30 of

September of years 2021 and 2022.Temperature data in 0.1°C.

Daily Premr|Daily Mini mumUE Daily Maxi mumU{ Daily Mean &
Countr
Me an Me an Me an

Me aNSE Rang (N S)E Range (N S)E Range (N S)E Rang«¢

The Neth 19. 68 0-279 90.42 N 81206 147.01 f 20352 117.54 46274
ltaly 12.55 0-585 94.72 N -8G233 224.87 | -112389 157.82 34301
France 11. 35 0-102 122.04 | 58250 225.07 [ 55386 176.58 13295
Portug 6.11 N 0-384 137.77 1 -7i269 259. 48 [ 88439 198. 62 56354
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Table A2.7. Results of top linear and generalized linear (mixed) models for two response
variables. Both set of models did not include the explanatory variable Day as do those
presented in the main document (as it was not possible to use Day for predicting hatching
suwccess in France (in 2021) and for predictig chick body condition in Portugal). Top ranking
models were selected based on Akaike Information Criterion (AICc) (see methods for more
details and seéppendix for results of model selection). The full averagegults are
presented. The reference Year is 2021. Nest was included as random factor on the models

predicting Chick body condition. p values < 0.05 are highlighted in bold.

Respon: N Fixe eff i EstirAdjusSE z va p
_ I ntercep 1. 41 0. 76 1.8 0. 0¢€
Hatchiurg Year 2022 0. 37 0.12 3.0 0.0C
(incluc 462 : ] ]
France Latitude -0.0: 0.02 1.1 0.27

Longitud 0. 0¢ 0.01 5.3 0p

I ntercep 1168 84 . 1¢ 13. ip <
Chick b Year 2022 -12. ¢t 14.32 0.8 0. 3¢

condi ti Precipite 33.6 7.62 4.4 p <

492 .

(I'nclud Latitude 1. 7¢ 1.79 1.0 0.31
Portug: Longitud 1.0:Z 1.38 0.7 0.4
Maxi mum ter -9. 6 11.97 0.8 0. 41
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Table A2.8. Results of model selection for all linear and generalized linear (mixed) models

t hi

are also present for comparison.

presented in

Vari abl Model s
study
1stlaying Null
Lat + Lo
Avefage Nul |
| aying
Nul I
Lon + Pr
Egg vol
Lon + Year
Lon + Pre
Hat chi Nul |
sucece:
(exclu Lon +Year
France
Hat chi Nul |
succes Lon + Yea
(i nclu
France Lon + Ye
_ Nul I
Fledgi Lon + Yea
sucece:
Lon + Year
. Nul I
Ch'CK |Lon + Lat
condit
(exclu Lon +Year
Portug + Prec
Lon + Lat
Nul |
Lon + Year
Lon + Lat
Year + Pre
Year + Lai
Year + Lat
Max T
Chick | Lon + Year
condit Ma x t
(inclu Lat + Prec
Portug Lat + Pr
Lon + Year
+ MaxT
Lon + Prec
Prec + M:¢
Lon + Lat
Max T
Lon + Year

s study
Log
df kel
6 33.09
4 22 . ¢
6 32.09
579 -5868.
577 5822
576 -5820.
576 5822
427 594.
423 520.
461 -683.
458 -636.
459 -638.
312 -385,
309 -326.
308 -326.
415 2659
411 2625
410 2625
412 2627
489 -3118.
485 -3085
486 -3086
486 -3086
486 -3086
485 3085
485 -3085
486 -3086
487 3087
484 3084
486 -3087
487 -3088
485 3086
486 -3087

but filtered
Wei gl
Al Cc | C
A (W
74.9 2.1: 0.95
72.8 0 0.21
72.9 0 0.81
11742 86. 0
11655 0 0.37
11656 0. 3 0.32
11657 1.5 0.2
1190. 138 0
1052. 0 0.99
1369. 87. 0
1281. 0 0. 68
1282, 1.6( 0.2
773.7112. 0
660 . ¢ 0 0.6
662.: 1.4! 0. 33
5324. 58. 0
5265. 0 029
5266. 1.0¢ 0.17
5266. 1.3! 0.15
6243. 58. ¢ 0
6184. 0 0.11
6184. 0.0 0.11
6184. 0.1 0.11
6185. 0.4: 0.089
6185. 0.4 0.089
6185. 0.8! 0.07
6185. 1.2: 0.06
6186. 1.3: 0.06
6186. 1.4 0.06
6186. 1.4 0.05
6186. 1.5 0.05
6186. 1.6: 0.05
6186. 1.9: 0.04
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Lon: Longitude, Lat: Latitude, Year (factor
Day: julian day, Prec: Cumul ative precipitat
maxi mum temperature (during resulting time w
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Do older parents do better? The effect of parental age on
chickds body condition and-migra

breeding waterbird.

Abstract

Ani mal s6 performance of basic functional be
improve with age as a result of past experiences. In migratory bird species that breed
seasonally, this may explain why older individuals outperform younger ones during
migration and the breeding season. Due to earlier or more efficient migration, older and
likely more experienced individuals tend to arrive at breeding sites earlier and enjoy better
breeding conditions, resulting in a higher reproductive success thagegroimdividuals.
However, how a higher body condition at f | e
future fitness prospects remains mostly unknown. In partial migration systems, low quality

or socially subordinate individuals may be constraineditbeoptimal migratory behaviours

with lower demographic rates. Therefore, producing high quality chicks may promote the
survival of breeder’s offspring. Here, we sampled and monitored the breeding population of
Eurasian spoonbills in Camargue (Southern €ggrwhich is growing exponentially and has

been subject to a loAgrm colour ring programme since 2008 this study, we show that

older spoonbills tend to breed earlier in the season than younger individuals, and that early
breeders are more likely to produce chicks with higher body condition than late breeders.
Finally, migratory behaviour gfivenilesappears to be influenced by the timing of breeding

(but not by body condition), with |latérornjuvenilestending to undertake less demanding
migration (without crossing major ecological barriers) thamenilesborn earlier in the

seasonOur study therefore highlights the relevance of iemgn studies to better understand

the complex breeding phenology of a migratory species, which can lead to changes in

populationlevel patterns and processes.

Keywor ds /Bprhereadsiensg: per f or mance; Ecol ogi cal b

Platalea leucorodiaS ¢ aMaeslsn d e x ; Soci al mi grati on.
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Introduction

As animals age, past experience can improve their performance of basic functional
behaviours (e.g., foraging and movement; Rotics et al., 2016). This is often associated with
the relatively higher mortality rates of juveniles in comparison to afiutiders et al., 1997;
Corbeau et al., 2020; Daunt et al., 2007; Harel et al., 2016; Sullivan, 198@gcies that

breed seasonally, accumulated experience may also explain why older individuals often
outperform younger ones during the breeding season (ClBttmek, 1988; Daunt et al.,
1999). However, due to the difficulty of tracking individual animals throughout their annual
cycle and lifetimgBrown et al., 2013; Graf et al., 2015; Lok et al., 2011; Rib&mbert

and Weimerskirch, 2013)comparisons of performance of complex behaviours (e.g.,
migration and timing of breeding) are often simplified to dichotomous comparisons between
juveniles or immatures, and adults of unknown age or exper{Becthold, 2001; Desprez

et al., 2011; Dodge et al.,, 2014; Ha&eal., 2003; Newton, 2008; Pradel et al., 2012;
Rappole, 2013; Sergio et al., 2014hwever, longterm colour ring programmés.g.,Clark

et al., 2009; Neat€legg and Tingley, 2023; Reichlin et al., 20d%9s enabled to examine

how certain behaviours (e.g., breeding and migration at the individual level) and
performance (e.g., survival and p@lerstamct i vi t
et al., 2006; Brgnnvik et al., 2022; Campioni et al., 2020; Corbeau et al., 2020; Grist et al.,
2017; Réd et al., 2020; Robinson et al., 2010).

In seasonal environments, birds that breed earlier in the seasototandieve higher
reproductive success (including better quality chicks), than those that bregélhasret

al., 2019; Benharzallah et al., 2015; Both et al., 2006; Costa et al., 2021; Daan et al., 1989;
Drent et al., 2003; Kentie et al., 2015; Klomp, 1970; Lok et al., 2017; Perrins, 1966; Smith
and Moore, 2005)Thus, it is not surprising that several bird species are known to advance
their breeding timing with increasing a@albortin et al., 2007; Campioni et al., 2020;
McCleery et al., 2008; Perdeck and Cavé, 1992; van de Pol and Verhulst, 2006; Zhang et al.,
2015).For instance, as both males and females of the EurasiarFatioa(atra) grew older

their laying date advanced. This was attributed to the increasing quality of older females
(relative to younger ones) and the fact that older males were better able to compete-for early
laying females (Perdeck and Caveé, 1992). In the casegraiory birds, arriving at the
breeding sites first often means the priority of access to better quality sites, greater resource
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availability, higher quality partners, and higher producti{nmenegger et al., 2014,
Gauthreaux, 1978; Ketterson and Nolan, 1976; Kokko, 1999; Morrison et al., Z013)

to maximise their reproductive success, migratory birds face the additional challenge of
timing their spring migration to coincide with favourable local environmental conditions at
their breeding sites, while being hundreds of kilometres awayd@ost., 2021). For these
species, accumulated experience gained during previoustiomngralays a significant role

in improving performance at stopover sites (Alerstam et al., 2003; Rus et al., 2017; Sergio
et al., 2014). Experienced individuals are likely to achieve a more efficient migration (Harel
et al., 2016; Hedenstrom and Alerstar@97; Miller et al., 2016; Rotics et al., 2016; Sergio

et al., 2014) with shorter stopover durations (Campioni et al., 2020; Crysler et al., 2016;
McKinnon et al., 2014; Péron and Grémillet, 2013) and faster refuelling times compared to
inexperienced migmts (Lindstrom, 2003; Newton, 2010; Sergio et al., 2014; Votier et al.,
2017). This is the case of the Eurasian griffon vult@gps fulvuy in which adults have

been reported to outperform juveniles not only in their ability to adjussfiaée movements
under challenging conditions, but also to be more efficient along the migratory route in terms
of both time and energy (Harel et al., BRlindeed, it is widely reported that older and more
experienced individuals often arrive at the breeding siteieeaand enjoy higher
reproductive success than younger ones (Balbontin et al., 2007; Brown, 1969; Crawford,
1977; Lack, 1966; Neat€legg and Tingley, 2023; Watson and Moss, 1970).

Although the effects of age have been relatively widely explored with regards to breeder
performance (e.g., Charlesworth, 1994; Forslund and Part, 1995; Limmer and Becker, 2010;
Newton, 1988; Ortega et al., 2017; Saether, 1990), the benefits that chickienwayfrom

the performance of older and likely more experienced adults remains mostly unknown in
terms of their effect on chick body condition and migratory behaviour. However, it is widely
known that chicks can be affected by age or status of the bi&xrdevford, 1977; Newton,

2010; Richner, 1989; Ricklefs, 1983). For example, highly stressed females can transfer
corticosterone (stress hormones) to the egg yolk, which can subsequently affect chick growth
and behaviour (Hayward et al., 2006; Naguid.e@06; Naguib and Gil, 2005). In addition,
younger adults may also be less efficient at feeding and brooding thermally dependent
chicks, as observed in the European shdwalacrocorax aristotelis(Snow, 1960). These

links between adult age and asstemiabreeding performance, can therefore produce

140



variation in chick body condition, which may in turn influence chick survival and subsequent

behaviour (e.gmigration).

Body condition is a major concept in ecology and widely regarded as an important
determinant of an animal s fitnesHostdddgos | er ,
et al., 2001; Stevenson and Woods, 2006). Peig and Green (2009) define body casdition
the energy capital accumulated in the animal body due to food, and as such, an indicator of
an animal’s general health and quality. Individeakl processes such as migratory and
dispersive behaviour are reported to be influenced by variation indeodijtion(Barbraud

et al., 2003; Buchan et al., 2020; Chapman et al., 2011; Kaitala et al., 1993; Ketterson and
Nolan, 1976)Indeed, both these movements are energetically expensive and involve a high
risk of mortality, thus, the acquisition of a good body condition prior to departure influences
the extent to which an animal can disperse or migiaebraud et al., 2003; Sa#guilar

et al., 2012) Therefore, producing higher quality chicks likely contributes to migratory
behaviour and survival outcométhe breeder’s offspring. Partial migration is an extreme
case of within species variation in migratory behaviour, where some individuals are not
migrating at all (residents) (Chapman et al., 2011; Lundberg, 1988; Newton, 2008). In partial
migratory systms, low quality bodysize hypothesispr foraginglimitation hypothesis

Boyle, 2008) or socially subordinate individuad®ininance hypothegisnay be pushed to
suboptimal migration strategies to reduce the negative effects of competition and winter
environmental conditions in survivéCristol et al., 1999; Hegemann et al., 2015; Ketterson
and Nolan, 1976, 1983Yhus, it is expected that larger individuals will adopt a resident
behaviour due to their ability to withstand long periods of food deprivation, while younger
individuals are presumed to be more likely to migrate as they are unable to compete with
dominant individuals when food is scard€ristol et al., 1999; Hegemann et al., 2015;
Ketterson and Nolan, 1976, 198B)evertheless, the hypothesishind the mechanism of
partial migration were mainly based on passerine systems, and exceptions to these
hypotheses do exist. For example, juveniles of the Greater flanithgeficopterus roselus

that presented higher body condition were more likely to migrate than those in poorer

condition, which became residents (Scridel et al., 2023).

Since 2008, the population of Eurasian spoonBilhiglea leucorodiahereafter spoonblll
in Camargue (Southern France) has been growing exponentially and the subject ef a long
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term coloufring monitoring programme (Blanchon et al., 2019; Champagnon and Kralj,
2023; Marion, 2019)Spoonbills in Camargue have a relatively long breeding season (egg
laying occurring between February to June) and a diverse migratory behaviourywddh a
range of migratory routes and distan¢Bsanchon et al., 2019Chapter §. Thus, this
populationpresents not only a unique opportunity to assess chick body condition variation
over time (i.e., breeding season and over the years), but also toteviéupotential
influence on migratory behaviour. Furthermore, monitoring data collected during the
breeding season allowed the identification of breeding individuals, their age (i.e., as more

than 5000 individuals were marked as chicks), and in some tfase nests.

Here we monitored spoonbill nests, collected chick biometrics, and recorded their
subsequent migratory behaviour with three main objectives: i) exploreohove e d er s 6 a ¢
varies throughout the season. As with other bird spgBatbontin et al., 2007; Brown,

1969; Crawford, 1977; Lack, 1966; Ned&iéegg and Tingley, 2023; Watson and Moss,
1970),we predictthat older and likely more experienced spoonbills will breed earlier in the
season than younger ones; (ii) assess seasonal and annual trends in ghimbndamn

over the past 14 years (2009 to 2023). We predict that body condition declines seasonally
due to increasing resource competition between breeders (Gauthreaux, 1978; Kokko, 1999;
Lack, 1968) and decreasing breeder quality (potentially due tartival along the season

of inexperienced younger birds). Furthermore, years when extreme weather events occurred
(e.g., abnormal precipitation or dryness), are also expected to have a negative impact on
body condition(Lok et al., 2017)(iii)) testthempact of <chi ckds body cc
of fledging on its migratory behaviour. Spoonbills are social birds (de Goeij et al., 2012; Lok
et al., 2019; Navedo and Garaita, 2012) and as such, by the timédatguveniles
(previouslytermedchickg are able to migrate, experienced individuals undertaking such
migrations may have already left the breeding sites, thereby potentially limiting the ability
to travel with adults to more distant sitéSresswell, 2014; Gill et al., 2014, 2019;
Gunnarsson, 2008/eyburg et al., 2017; Nightingale, 2028urthermore, since spoonbills

are known to adopt mainly a loftlistance migratory behaviour with higher mortality rates
than less challenging behaviol@hapter 6 Lok et al., 2011a)we expect that chicks with
higher body condition will undertake the most challenging migratory behaviour, or at least

to be those that survive such journeys and are successfully recorded as performing this
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behaviour. Therefore, we predict that timing of breeding and body condition will influence
the migratory behaviour of spoonfiveniles

Material and Methods
Study site and population

Camargue is a sermatural region of 180,000 ha, along the Mediterranean Sea in Southern
France, making it the largest wetland in France (Blondel et al., 2013; Galewski and Devictor,
2016; Roche et al., 2009). Since 1998, the breeding population of sigbabiincreased

from two breeding pairs to more than 400 since 2019 (Blanchon et al., 2019; Champagnon
and Kralj, 2023). This species nests on the ground on small islets laying clutches of usually
three or four eggs per nest (Cramp and Simmons, 1977ndineir first three weeks of

life spoonbills chicks are mostly in their nest, where they are regularly fed by both parents

(Cramp and Simmons, 1977).

During the breeding seasons of 2009 to 2023, spoonbill colonies in Camargue were
monitored (N43°28, E4°28 and N43°22, E4°39, Fig. 1). Resightings of PVC rings over the
years have shown that the same individual can be seen in multiple breeding areas of

Camague. Therefore, hereafter, we considered Camargue as a single site.

Fig. 17 Map of Camargue (green) in the Mediterranean coast of France and approximate
location of spoonbill colonies (black ellipse) where nests were monitored, and chicks were
measured. Red lines represent the main roads and white dots the cities of\faiireede

la-Mer and Salirde-Giraud.
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Data collection and selection

Determining breedersd age and timing of bre

Since 2008, more than 5,000 spoonbills chicks have been ringed with a unique code
engraved PVC ring allowing to individually identify marked birds and to discern their age.

In addition to observations performed by experts at a distance using telesaupeslfide),

camera traps were deployed close to the nests since 2016, during the first weeks of
incubation. These cameras were set to take pictures every ten minutes and were rotated
regularly to identify the highest number of breeding adults possibli¢,alinthicks have
fledged. This allowed not only to determine the ayge( of breeding individuals based on

the code reading, but also to link it to the first time it was recorded breeding in a season
(from 2014 to 2022; a single observation from 2011 was excluded and data from 2023 were
not available at the time of this anak)sHere, we excluded birds which were not confirmed

as breeders (i.e., those seen at the colony but not recorded building a nest, incubating, or
with chicks), and birds youngerah four calendar years due to a higher chance of being
misclassified as breeder. In total we were able to identify 451 marked bre@crdd).

For each individual, for each year, the first day of the year in which it was observed breeding
was considered its observation datagt Obg. Age of each breeding adult in any given

year was obtained as the time difference between the year of ringing (all breeding adults
were individual ringed as chicks) and the year of sighting, resulting in a dataset at868 c

corresponding to 451 different breeders across eight yeppe(dix, Table A3.L

During the breeding seasons of 2021 and 2022, using the same camera traps, it was possible
to determine the age of 121 marked breeding adults on a subset of 101 individually marked
nests (i.e., using small, marked flaggs) in which chick biometrics were also measured.

From those, using species adapted Gompertz growth curves (head plus bill biometrics of
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chicks younger than two weeks, Lok et al., 2014) or the egg flotation method (Liebezeit et
al., 2007), we were able to estimate the laying date of 49 nkaisng_day By
corresponding to 54 different marked breed&me¢de). This resulted in a new dataset of
breeders with known age and laying date (hereafter referr&®r asy dataset). Some
marked birdsr{ = 4) were associated with multiple nests in the same or different breeding
seasons, and in ten nests both individuals of a breeding pair were mBokaccount for
these, when considering the initial models of this subset of breeders with known age and

laying date, botlBreederandNestwere included as random variables

Chick body condition

From2009 to 2023Yea, a total of 2,461 spoonbill chicks were captured prior to fledging,

at an age of ca. 130 days, as part of a loftgrm ringing programme. Sampling occurred
between April and July of each year during the early hours of the day and only under
favourable veather conditions (i.e., no precipitation and/or strong wind), to minimise
disturbance. Hereafter, ringing date will be referred t&essiorwhen considered as a
categorical variable aning day when considered as a continuous varigbidian day).
During eachSession ¢ hi ¢ ks 6 mnmmpand hody mhssgghveete mecofded using
metal rulers (xImm) and Pesola spring balances (€)PrespectivelyThe body condition

of each chick was then calculated using the Scale Mass Index (SMI) developed by Peig and
Green (2009). SMI provides a reliable depiction of body condition stidardises all
individuals to their specific growth stage, thus accounting for the changing slope in the
relationship between body mass and length measursitiggiy and Green, 2009, 2010)
Individuals fitted with a GPS logger were excluded from this analysts 79), as larger

individuals were selected for GPS logger deployment and this likely biased the sampling of
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those individuals on thossessionA total of 2,382 individuals were thus considered for this

analysis(hereafter referred &C_SMIdatasetAppendix, Table A3.R

From 2016 to 2023, the eighth primary feather of a total of 1,274 spoonbill chicks was also
measured using metal rulers (#im). With this additional biometric we were able to
estimate chick age (days after hatching), using the estimated growth curves developed for
this species (Lok et al., 2014). Then, by subtracting the estimated chick adeifignday

we calculated hatching date and the corresponding laying date (helemafteg_day
estimated hatching date minus 25 days of incubation and 2 days béyieg of first egg

and start of incubation; Lok et al., 2014), thus obtaining the variabjagng_dayfor each
individual. Furthermore, using the combination of the length of the eight primary feather and
tarsus length, we were able to determine the sex of each chick (Lok et al., 2014; Oudman et
al., 2017). Differences in growth between sexes become pnoedwafter 25 days of age, so

to avoid misclassifications of sex, only individuals estimated to be older than 24 days were
included in this analysis (hereafter referre@@&s P8datasetnsc_ps= 411;Appendix, Table

A3.2). Body condition of this subsef ohicks, with estimated age and s&ej, was then
calculated as the proportional deviation in body mass from the predicte@drsage

specific body mass (Lok et al., 2014).

Migratory behaviour ofuveniles

Due to a large network of dedicated amateur and professional ornithologists, we were able
to determine the firswvintering site on a subset of 105 spoonbill juveniles in which body
condition was measured when they were chicks (hereafter refer@cks Wdataset). We
considered winter as the period between October and February and individuals were

assigned a migratory behaviour according to the site where they were resighted during that
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period. To prevent the potential misclassification of individual migratory behaviour due to a
lateeautumn or earhspring stopover resighting, we only considered winter resightings
during the months of November to January from the individuals seen ircef-raaly,

Morocco, Portugal, and Spain (Lok et al., 2011; Navedo et al., 2010).

In the single case of an individual that was observed at different sites within the same flyway
(East Atlantic flyway), we selected its southernmost site aginering site. We classified

three migratory behaviours, considering the country of observation and the crossing of major
ecological barriersBarrier) as these are known to influence demography in this population
(Chapter & Nonei migrants which do not cross any major ecological barrier (Portugal,
Spain, and France, including Camargue, i.edesds); Singlé migrants which cross the
Mediterranean Sea (Algeria, Italy, Morocco, and Tunisia); and, Multiphegrants which

cross the Mediterranean Sea and the Sahara Desert (Cape Verde, Gambia, Mauritania, and

SenegallAppendix, Table A3.B

Statistical analysis

An exploratory analysis (packadpgtice, Sarkar, 2008yvas first undertaken to ensure that
the body measurements data conformed with the requirements for the SMI cal¢Bleitpn
and Green, 2009(for the relationship between body mass and tarsusSpesion see
Appendix, Fig. A3.1L Multicollinearity was tested with the packggerformancgLidecke

et al.,, 2021)and no relevant collinearity between the predic®isg_dayand Yearwas

found (VIF < 2;Regarding, 2007; Zuur et al., 2009, 2010)

To test if younger adult breeder8ge are recorded breeding later in the season, we
considered the Juliaday at which the individual was first recorded as a breeder in any given

year First_Obs numerical and scaled) as the responsefa@hs a predictor (numerical).
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To incorporate the dependency among observations of the same year or the same individual,
we usedrearandBreederas the random intercepihe linear mixed model, which included
day of the season as a fixed effect (equat)omas then compared to a null model through

an analyse of variance (ANOVA) test.

QI 6QQd1T QQQBQOI
61 'QOXQI T,

MQ IO Th,
(equatiorn)

To more precisely examine the relationship between age of breeder and timing of breeding,
we examined the subgBt_lay. We consideretdaying_day_ Bi(numerical and scaled) as a
fixed effect and both the variablBestandBreederas the random intercepts. This was done
to incorporate the dependency among observations (i.e. chicks) from the same nest (i.e., nest
laying date was set according to the estimated youngest chick using the head plus bill
biometrics or the earliest laid egg using the egg flotatiethod) and breeder. However,
this led to convergence issues and a singularfitch indicates an overfitted model, likely
due to the small number or lack of observations for the same breeders and mests.
random variables were removed from the final modéle linear mixed model, which
included laying date as a fixed effect (equatidraying_day_Br Age was compared to a
null model through an ANOVA test.

To investigate an annual trend in chick body condition and test for potential within year (i.e.
seasonal) variation, generalized linear mixed models were performed in an information
theoretic model election frameworurnham and Anderson, 2003We manually
developed the models for competition in the model selection, having body condition
(BC_SM) as response, day of the seas®img_day numerical and scaled), and yedeér,
categorical of 14 levels) as predictors. To account for the fact that mulbpérvations
originate from the same ringing session, we inclu8esdsioras the random intercept. All

combinations from equatiaswere considered by including or excluding predictor variables
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(equatiorg)

The different models developed were ranked and selected according takaike's
Information Criterion adjusted for small sample s&EJc) (Anderson and Burnham, 2002).
When there werenultiple models within two AICc points of the tapnking model, the

model with the fewest number of parameters was selected (i.e., the most parsimonious

model, Anderson and Burnham 2002).

For the subset of chicks with known sex and age and considering the body condition
estimated by the growth curvé®§ P8, the models includedseeasonal effect.@ying_day
numerical and scaled) and ye¥efr, categorical with eight levels). All combinations from

the equation (equation BC_ P8~ Laying_day + Yegrwere consideredSubsequent
pairwise Tukey HSD posgitoc test comparisons were conducted in the most parsimonious
model to explore the differences among the marginal means of each group, hasing t
emmeans package (Lenth et aD24). A Sidak correction was applied, which adjusts for

the family-wise error rate across all tests and provides a more conservative control over Type
| errors (Sidak, 1967).

Lastly, to expl ore BJ_SM ortnhng oflfor@edingiiogdday c ondi -
influences its subsequent migratory behaviour as a juvenile, number of baaenier]

was considered as a variable response of three levels (None, Single, and Multiple) of a
multinomial model (Venables and Ripley, 2002). A quadratic effect of body condition and

timing of breeding were also considerédl.combinations from equationwere considered

by including or excluding predictor variables:
0 Wi I QMQEQAD w YQEQADW 6 6 YD 00 6 "YUV
(equatiore)

Model coefficients were thetested for significance using multiple Wald tests (Hayashi et
al., 2011). The scarcity of data € 29) also limited our capacity to test a linear model
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containing migratory behaviour as a fixed effect considerin@dtbeP8dataset, and thus,
such analysis was not carried out for this dataset.

All analyses were carried out in the software R version 4.2.1 (R Core Team, 2022) and plots
were created using the packaggplot2(Wickham, 2016jandsjPlot (Lidecke et al., 2023)

Our linear models were estimated using ordinary least squatey) through the function

Im and the linear mixed models using the functimeri n padnedagé Bat es et
2015).

Results
Breederso age and timing of breeding

A pairwise comparison between a null model and a model inclégisg obs(equation)
indicated the existence of a significant relationship between breeder’s age and timing of
breeding, F (1,n=968) = 21.68p < 0.00]. Overall, younger individuals breed later than
older individualgBeta=-0.08 95%Cl [-0.12,-0.05, t(963) = -4.72 p< 0.00% Fig. 1 and
Appendix, Table A3.%
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Fig. 11 Variation inbreeder age (calendar years 968 throughout the season according

to equation. model:First_Obs~ Age(blue) YearandBreederwere considered as random
variablesBlack dots represent the actual age recorded and shade blue area a 95% confidence
interval. In this plot, Julian day was rextaledfor clarity of interpretation.

The existence of a significant negative relationship between breeder’s age and laying date
was also confirmed by a pairwise comparison between a model contagergquatiorn)

and the null modelH (1, n = 59) = 10.78p < 0.0]], indicating that older individuals lay

eggs earlier in the season than younger oBeta€E -0.16 95%ClI [-0.26,-0.09, t(57) = -

3.28, p = 0.002Appendix, Table A3.®

Seasonal and annual variation in chick body condition

When consideringhe BC_SMIldataset (equatios), the most parsimonious model included

a seasonalRing_dy) effect (Model 2, Table 1), implying a decreasing body condition as
the season progress&efa=-23.45 95% Cl [-34.43,-12.47, (2378 =-4.19 p < 0.00%,

Fig. 2; Appendix, Table A3.b DespiteYearbeing present in the most supported (though
not most parsimonious) model (Model 4, Table 1), a comparison between the estimated
marginal mean of each year confirmed the lack of significant differences among years
(Appendix, Fig.A3.2).
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Table 1.Generali zed |l inear mixed model s6 select
SMI (n Bc_smi= 2382. Sessiorwas included as a random varialiéodels were ranked

according to the Akaike value, and the most parsimomuaggel isindicated in bold.

Number Model K AIC. PAI:C Akaike weight
4 Ring day + Year 18  30444.82 0.00 0.62
2 Ring_day 4 30445.84 1.02 0.37
1 Constant 3 30458.22 13.40 0.00
3 Year 17 30462.92 18.10 0.00
52000
=
w
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Fig. 27 Variation in body condition (obtained using the SMkc_sm= 2382 throughout
the season predicted by the most parsimonious model (Model 2, Table 2). Black dots
represent the actual body measurements obtained using the SMI and shade blue area a 95%

confidence interval. In this plot, Julian day was saaledfor clarity of interpretation.

When considering the smaller subdBC( P§ comprising chicks with known laying date

and sexIf sc_pg= 411; equation), the most parsimonious model (Modell4pble 2) did not
detect any differences in body condition de
laying date was present in one of the two most supported models (i.e. within 2 delta AlCc;

Model 4, Table 2).
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Table2.Gener ali zed | i near mi xed model sd6 sel ect

year on chick body condition considering chick age and sex (BC_P8 dateset= 411).
Models were ranked according to the Akaike value, and the most parsimomokes$ is

indicated in bold.

Number Model K AIC. PAI1:.C  Akaike weight
3 Year 9 -745.2 0.00 055
4 Laying_day + Year 10 -743.9 1.73 0.3
1 Constant 2 -74206 3.16 0.1
2 Laying_day 3 -741.99 3.4 0.1

DespiteYearbeing present in the most parsimonious model, only 2020 was significantly
different and lower than most other yedégta= -0.21, 95% CI [-0.35, -0.07, t(403) = -
2.96 p = 0.003 with the exception of the years 2016, 2018, and Z@3pendix, Table

A3.6). This result was mainly driven by two individuals sampled in 2020.

Migratory behaviour of juveniles

When testing the drivers of juvenit@gratory behaviour (equatiaj the most parsimonious
model included a season&ifg_dy) effect (Model 3, Table 3), implying that the later in

the season a chick fledges, the higher the probability of not crossing an ecological barrier
(Fig. 3). Body condition was not present in the most parsimonious model, suggesting that
there is no signi€ant difference between the body condition of individuals adopting
different migratory behaviours.
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Table3.Gener ali zed | inear mixed model sd6 sel ect
behaviourof first calendar year spoonbills garier = 105). Sessiomvas included as a random
variable.Models were ranked according to the Akaike value, and the most parsimonious

model is indicated in bold.

Number Model K AlIC: A I:C Akaike weight
5 Ring_day + Ring_ddy 6 22296 O 0.26
3 Ring_day 4 223.15 0.19 0.24
6 BC_SMI + Ring_day 6 223.67 0.71 0.19
8 BC_SMI + Ring_day + Ring_day 8 22372 0.76 0.18
2 BC_SMI 4 226.15 3.19 0.05
1 Constant 2 227.06 4.1 0.03
7 BC_SMI + BC_SMi+ Ring_day 8 22829 533 0.02
9 BC_SMI + BC_SMi+ Ring_day + Ring_day 10 228.41 5.45 0.02
4 BC_SMI + BC_SMi 6 23017 7.21 0.01

A subsequent Wald test confirmed that fateenileswere significantly less likely to cross
ecological barriers compared to adopting migratory behaviours that cross a single barrier
(Beta= 258 p = 0.010) or multiple barriers Beta= 2.20, p = 0.028. No significant
differences were found between single and multiple barfge®e 0.79, p = 0.430.
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Discussion

In this study we showed that older, likely more experienced, spoonbills tend to breed earlier

in the season than younger individuals, and that early breeders are more likely to produce
chicks with higher body condition than late breeders. There was lianiteglal variation in

chick body condition and no variation between years (exceptfor2620pm al | vy, | uv e
migratory behaviour seems to be influenced by timing of breeding, adtatejuveniles

tend to undertake a less challenging migratory behauioan early season juveniles.
Interestingly, although not statistically significant, early juveniles that cross one or more

barriers also tend to have higher body condition than-kaier juveniles that do not cross
any barriers.
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Br eeder stiningofeeeding d

In bird species, older and more experienced individuals tend to arrive at breeding sites earlier
and have higher reproductive success than younger ones (Balbontin et al., 2007; Brown,
1969; Crawford, 1977; Lack, 1966; Ned&iéegg and Tingley, 2023; Watsa@and Moss,

1970). Furthermore, better migratory performance could also mean that more experienced
individuals arrive in better condition than inexperienced ones, and thus may lay earlier than
individuals in poorer condition (Béty et al., 2003; Drent et28lQ3; Drent and Daan, 1980;

Lok, 2013). For example, due to a shorter delay on the breeding grounds, SnovChease (
caerulescens atlantigdemales with high premigration body condition had an earlier laying
date and higher breeding success than those in low condition (Béty et al., 2003). In
accordance, our results show that older spoonbills tend to be seen breeding earlier in the
season, aha subsample of nests with known laying date supported that the earliest nests
tend to be associated with the atlbreeders. Spoonbills of the Dutch breeding population
have previously been seen to advance their breeding timing, but this was mainly the case for
the shordistance migrants (Lok et al., 2017). As with the Dutch population and other
species (e.g., Bl&ckite T Milvus migrans Pied flycatcheii Ficedula hypoleuch a likely
mechanism behind our result is an earlier departure fromititeringsitesor a faster and/or

more efficient migration of the oldest individuglok et al., 2017; McCleery et ak008;

Potti and Montalvo, 1991; Sergio et al., 201dgvertheless, given the long breeding season

in Camargue, with the last breeders laying eggs in June, whiledistemce migrants are
already observed in Camargue as early as Febrpary. (0b9, it is unlikely that migratory
performance can fully explain our results. Therefore, besides arriving later, it is possible that
younger birds are also more susceptible to social interference in the colony and during pair
formation (Lok et al., 2017; Meleeryet al., 2008). For example, preliminary information
suggested that young Mute swaygnus oloy are more likely than older birds to spend
more time fighting in early season, and consequently, delaying their laying (McCleery et al.,
2008).

As spoonbills age, they seem to cope better with migratory challengewiatating
conditions, as suggested by the lack of differences between the survival rates of experienced
individuals with differentwintering strategieChapter 6 Thus, it is likely that spoonbills
improve their migratory and breeding performance due to accumulated experience, which is
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in accordance with the constraint or experience hypothesis (Curio, 1983; Wood et al., 2016).
This hypothesis assumes that reproductive success may improve with age due to increased
parental efficiency in activities such as brooding, foraging, protectiohicks from adverse
weather conditions (e.g., wind and precipitation) and feeding (Curio, 1983; Limmer and
Becker, 2009; Pyle et al., 2001). This was the case in European shags where, when breeding
in similar environmental conditions, old pagsrformedconsistently better than young pairs

due to intrinsic differences in brood rearing capafiitgunt et al., 1999Detailed analysis

of the reproductive success of Western gullargs occidentalis showed that increased

clutch size was related to female experience and enhanced hatching success to experience of
both sexe¢Pyle et al., 1991)Furthermore, fledging success was likely influenced by age
related improvements in foraging ski{Ryle et al., 1991)The impact of experience has also

been widely rported in other groups, whereduced foraging skills of inexperienced
individuals have been suggested to lead to low productivity in aerial insectivores such as
Tree swallow Tachycineta bicolgrSteven, 1978) and Beasater Merops apiaste Costa et

al., 2021). For several Passeriformes, an increase in foraging skills with age has also been
documented (Desrochers, 1992; Enoksson, 1988; Franks and Thorogood, 2018; Jansen,
1990). Furthermore, younger breeders may suffer from reduced acaessurces du®
competition with older individuals (Curio, 1983; Emlen, 1978, 1982).

Seasonal and annual variation in chick body condition

Spoonbills in the Camargue breed in protected islets that are relatively undisturbed, except
for opportunistic predation events by Eurasian wild b&ars(scrofpand Red foxulpes

vulpeg (Champagnon et al., 2021urthermore, the abundance of food sources in the
surrounding areée.g. temporary and permanent marshes), including the high abundance of
Redswamp crayfish Brocambarus clark)i (Martino et al., 2011; Meineri et al., 2014;
Ottonello et al., 2005; Poulin et al., 2007; Roche et al., 2009;dqrmdxPerez et al., 2014)

are likely sufficient to meet the energetic needs of the Camargue spoonbill population and
support its continued and ongoing growth (Champagnon and Kralj, . 20&88ugh we did

not conduct any diet analysis in our stuielyCamargue, crayfisgpecies are important prey

for several waterbird species, suchtlzs Eurasian bitterrBpotaurus stellarisPoulin et al.,

2007) and the Glossy ibi®legadis falcinellus Champagnon et al., 201%urthermore,
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previous opportunistisampling at the breeding sites by the Tour du Valat team in 2007,
detected a dominance of crayfish remains in spoonbill regurgitatpsiflished data

A relatively undisturbed breeding site and high food availability in the surroundingayea
partly explain the lack of variation in body condition between years. Nevertheless, if the
population continues to grow (Champagnon and Kralj, 2023), it may reach a capacity limit,
resulting in increasing competition between spoonbills and likelyedstrg body condition

of chicks (Bechet and Johnson, 2008; Forero et al., 2002; Lack, 1954; Lok et al., 2013, 2017).
This is the case for the spoonbill populationhie Netherlands, where colony size is thought

to be regulated by local food constraints (Lok et al., 2009; Oudman et al., 2017; Overdijk
and Horn, 2005). There, the body condition of chicks measured in stable colonies was found
to be lower than that of thesmeasured in growing colonies (Lok et al., 2009; Oudman et
al., 2017; Overdijk and Horn, 2005). When considering the body condition estimated by the
growth curves adapted to the species (Lok et al., 2014), we did detect significantly lower
body conditionHowever, this result was mainly driven by the small sample size (only two
individuals measured in 2020) and if a larger pool of individuals were available, we would

expect no significant differences in body condition between years.

Our analysis showed significant variation within years, indicating that early chicks have
higher body condition than latéorn chicks. This is commonly attributed to the fact that
laterborn chicks are likely to be more exposed to increased competiten gdult
individuals, plus the early chicks) and/or lower food availability (Drent and Daan, 1980;
Evans et al., 2020; Lack, 1968; Verboven and Visser, 1998). Nevertheless, the fact that the
population is still growing (Champagnon and Kralj, 2023) aad tthe crayfish abundance
peaks between April and June (Meineri et al., 2014), suggests that other factors may also
influence chick body condition. In the case of the Glossy ibis, no seasonal effect on chick
body condition was detected, suggesting thatl fawailability in Camargue, particularly
crayfish, as also consumed by spoonbills, is sufficient to satisfy the colony energetic
demands throughout the breeding season (data collected from 2005 to 2017; Ferreira et al.,
2019). In addition to a decreasefand availability, the observed seasonal decline in body
condition may be caused by the lower quality or experience ebiataling parents. Less
experienced breeders could lack the skills to feed the chicks as successfully, forage
efficiently, and/or pruide the needed thermal support (Marchetti and Price, 1989; Martin,
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1995; McCleery et al., 2008; Seether, 1990; Snow, 1960; Wunderle, 1991) for example by
failing to properly lining the nest, which is a structure associated to temperature regulation
in the nest (Hansell, 2000, 2005).

Migratory behaviour of juveniles

In social species, the timing of breeding can have consequences for juvenile migratory
behaviour, as experienced individuals may have left the breeding sites by the tirherater
juveniles are able to migrate (Cresswell, 2014; Gill et al., 2014, 201 &&gson, 2006;
Meyburg et al., 2017; Nightingale, 2023). This may be the case for Camargue spoonbills, as
our results suggest that lateorn juveniles tend to undertake a less challenging migratory
behaviour. Indeed, spoonbills are social birds (de @bal}, 2012; Lok et al., 2019; Navedo

and Garaita, 2012), that often migrate in miegg flocks (Lok, 2013 onsequently, later

born juvenilesare more likely to find themselves with fewer adults to follow, that cross
major ecological barriers such as the Mediterranean Sea and the Sahara Desert. This could
potentially explain the considerable number of juveniles that stay in France and Iberia fo
their first winter, but subsequently move to further locations in the following wipézs.

obs; Lok et &, 2011) Sociallymediated migratory behaviour is also found in other species.
For example, young Oystercatcheraématopus ostraleguare known to adopt the same
migratory behaviour as their father, which waits for its offspring to be ready to migrate
(Méndez et al., 2020, 2021). As for Lesser spotted eaGlasga pomaring despite not
following their parents, successful arrivalretnbreedingsites was higher for individuals

that migrated with adults, who are therefore likely to benefit from adwligational cues
(Meyburg et al., 2017). Finally, and potentially like the spoonbills;flatiged juveniles of
Black-tailed godwits [(imosa limosa islandicagre more likely to join flocks dominated by
juveniles, as adults depart the breeding areas shortly after breeding and are thus more likely

to winter at northern sites (Gill et al., 2019; Gunnarsson, 2006; Nightingale, 2023).

Despite a significantly lower probability at the end of the season, it is still possible that later
born juveniles can follow experienced individuals that have left the breeding site later and
still cross major ecological barriers. This could happen becktsrborn juveniles may
encounter such individuals, including those from other breeding popul&fayter 6 and

7, at the stojpver sites. This is the case for juvenileStforttoed snake eagle€ifcaetus
gallicus) which can learn detours to complete trdfesditerranean migration from older
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individuals encountered during migrating (Agostini et al., 2017). Likewise, the departure
date of continental Blaetailed godwit [imosa limosa limosajuveniles from the
Netherlands, was related to hatching date, and while monitored juveniles all left the breeding
grounds later than adults, they joined adult flocks at stopover sites around the Mediterranean
(Verhoeven et al., 2022). Furthermore, suchia learning can significantly increase the
resilience of individual birds to cope with environmentsiege and extreme events, while

also mitigating the need for juveniles to migrate synchronously with adults (Agostini et al.,
2017).

We hypothesised that chicksd body conditiol
two different ways: i) like flamingos, higher qualjtyvenileswould be more likely to move

away from the natal ar¢Barbraud et al., 2003; Dufty and Belthoff, 20@hd thus be able

to undertake more challenging migrations and cross major barriers (e.g., Mediterranean Sea);
or ii) because Camargue is a highality site, birds in good condition could potentially
remain over the wintgiBoyle, 2008; Cristol et al., P3; Gauthreaux, 1978; Ketterson and
Nolan, 1976nd potentially outcompete lower quality birds to undertake a more challenging
migration to distanhon-breedingsites. Our results have shown that edadyn juveniles

have higher body condition and are more likely to cross barriers. Thus, although not
statistically significant, the poorer body condition of ldternjuvenilesmay also contribute

to their less challenging migratory behaviour. Alternatively, first postnuptial migration is
risky, and we canrtaule out the possibility that low qualijyvenilesalso undertook long
demanding migrations but died at higher rates than high gjpalgyilesand were therefore

less observed aon-breedingsites.

While supporting previous studies suggesting that spoonbills improve their migratory
performance with ag€hapter 6this study indicates that their breeding performance may
also improve as they become more experienced. Additionally, our results suggest that early
born chicks (with a tendency to have higher body condition) are more likely to undertake
more challengingnigrations. Our study therefore highlights the relevance of-teng
studies to better understand the complex breeding phenology of aanigpécies, which

can lead to changes in populatiscale patterns and processes (Gil et al., 2018; Nightingale,
2023).
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Appendices3

Fig. A3.17 Relationship between body mass and tarsus per rirggsgior{n = 2382)
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Table A3.1. Total number of adult breeding spoonbills resighted in the breeding season per

age ( Breeders= 451;N vear= 8; N = 968).

Age (year of resightingi year of ringing) Number of different spoonbills seen
4 147
5 177
6 203
7 175
8 101
9 73
10 49
11 32
12 9
13 1
14 1

Table A3.2. Total number of spoonbills chicks measured (including or nagitite primary

featheri P8), per yealn gc_smi= 2382;ngc ps= 411).

Year Total number of spoonbills sampled Subset with measurement of P8
2009 55 0
2010 138 0
2011 239 0
2012 206 0
2013 68 0
2014 135 0
2015 132 0
2016 242 26
2017 141 52
2018 148 63
2019 174 56
2020 67 2
2021 147 31
2022 204 94
2023 286 87
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Table A3.3. Total number of spoonbills measured for body condition and resighted in their
first winter, per migratory behaviour and year of birfacks w= 105).

Number of ecological barriers crossed

Year of birth Recorded in winter None Single Multiple
2009 1 0 1 0
2010 6 4 1 1
2011 4 2 1 1
2012 6 4 2 0
2013 3 0 0 3
2014 4 1 1 2
2015 9 1 2 6
2016 3 1 2 0
2017 8 3 4 1
2018 9 0 6 3
2019 5 0 0 5
2020 1 0 0 1
2021 10 4 2 4
2022 15 1 5 9
2023 21 4 5 12
Total 105 25 32 48

Table A3.4. Summary of a general linear mixed model analysis of the effect of season
(First Obg o n b r ewitl ®95% sonfidempae interval greeder= 451;n = 968; and

the effect of seasorLéying day By on b r e with a 9580 confalgnee intervah
Breeder= 54 N Nest= 49, N = 59).

Model Coefficient  Estimates Standard Error t-value p-value 2.5% 97.5%
First_Obs ~ (Intercept)  0.74 0.20 371 <0001 032 117
Age + Year Day -0.08 0.02 472 <0001 -0.12 -0.05

(Intercept) 1.29 0.41 3.14 <0.001 047 211

Laying_day Br

Age Age -0.16 0.05 -3.28 0.002 -0.26 -0.06
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Table A3.5. Summary of a general linear mixed model analysis of the effect of season
(Ring_day scaled) in body conditiorobtained through the SMI), with a 95% confidence
interval(n sc_smi= 2382;Model 2 Table 1)

Coefficient ~ Estimates Standard Error t-value p-value 2.5% 97.5%
(Intercept) 1405.67 6.41 219.32 <0.001 1392.95 1418.81
Ring_Day -23.45 5.60 -4.19 <0.001 -34.52 -12.01
B ;
S 1500 L E -
7] ;
c - . T | E T T _
2 T
= E
'g - Ma L .
:1400_ a E CE 1 . N Ma Ma N
3 Ma
o
m i
1300 4 h

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Note:Different letters indicate statistical differences between groups.

Fig. A3.21 Posthoc comparison of estimated marginal mean of body condition (SMI, g)
between years (2009 to 2023). Vertical lines indicate 95% confidence, and a Sidak correction
was appliedr{sc_sw= 2382;Model 4)
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Table A3.6. Summary of a general linear mixed model analysis of the effect of year (2016
to 2023) on body conditiorobtained from theBC P8dataset), with a 95% confidence
interval(n sc_ps= 411;Model 4, Table 2)

Coefficient ~ Estimates Standard Error t-value p-value 2.5% 97.5%
(Intercept) 1.02 0.02 54.12 <0.001 0.99 1.06
2017 0.02 0.02 0.78 0.434 -0.03 0.06
2018 -0.00 0.02 -0.03 0.980 -0.05 0.04
2019 0.03 0.02 1.19 0.236 -0.02 0.07
2020 -0.21 0.07 -2.96 0.003 -0.35 -0.07
2021 -0.01 0.03 -0.23 0.820 -0.06 0.05
2022 0.03 0.02 1.26 0.209 -0.02 0.07
2023 0.02 0.02 111 0.269 -0.02 0.07
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