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Abstract 
Predation is a key selective force driving prey trait evolution. Yet, the extent 
to which predator-consumptive and predation risk effects shape phenotypes 
is still poorly understood. Since predation risk increases the cost of current 
reproduction, long-lived prey are predicted to prioritize survival and future 
reproduction by reducing reproductive investment under high predation risk 
(e.g., through changes in life-history, behaviour, physiology or morphology). 
However, the relative roles played by adaptive plastic responses (i.e., within-
individual phenotypic variation) and selective processes (i.e., among-individ-
ual phenotypic variation) in allowing populations and individuals to persist 
under fluctuating predation threat in the wild have been overlooked. 

In my thesis, I shed light on these knowledge gaps by evaluating the re-
sponses of a sea duck species, the common eider Somateria mollissima, to fluc-
tuating predation risk from their native predator, the white-tailed eagle 
Haliaeetus albicilla. I focused on adjustments of behavioural and physiological 
traits to the recovery of white-tailed eagles in southwestern Finland. As a long-
lived species characterised by energetically-costly fasting during incubation 
and frequent intermittent breeding, common eiders are ideal for studying the 
life-history trade-off between reproduction and survival. I relied on a long-
term individual-based monitoring of breeding females (> 2500 breeding at-
tempts from > 1000 individuals in 2008-2022) to explore variations in risk-
taking behaviour (measured by flight initiation distance) and physiological 
proxies of energy allocation (baseline corticosterone levels) and parental ef-
fort (baseline prolactin levels) in response to temporally and spatially variable 
predation risk. The longitudinal data collection was not restricted to the focal 
variables, but also integrated a monitoring of female characteristics (e.g., age, 
body condition and clutch size) and parameters such as nesting microhabitat 
and fine- and large-scale predation risk indices, allowing a good understand-
ing of concurrent changes occurring in the population. 

First, in agreement with the prediction that long-lived prey should re-
duce parental investment under elevated predation threat, I found that in-
creasing predation threat was associated with longer flight initiation distances 
(i.e., reduced risk-taking) over breeding attempts. Importantly, this response 
was explained by a plastic adjustment of flight initiation distance to the risk of 
predation on breeding females, but also by the selective disappearance of risk-
taking phenotypes from islands characterised by high nest predation risk. Sup-
porting the latter notion, I showed that risk-taking strategies affected fitness 
(including survival, breeding propensity and hatching success), especially un-
der elevated predation risk. My results thus provide among the first evidence 
that the target of predation (adults or offspring) determines the mechanisms 
driving adjustment of risk-taking propensity to perceived predation risk. In 
risky environments, females were also more likely to rely on prior experience 
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with a threat to dampen their flight response when repeatedly confronted 
with a harmless stimulus (here, a human approach over consecutive days). 
Such short-term habituation to non-life-threatening stimuli is likely adaptive 
and could limit the reproductive costs of an overreaction to benign stimuli. 

Second, I found that baseline corticosterone levels were positively associ-
ated with reproductive investment. In addition, baseline corticosterone levels 
were downregulated when incubating under high predator activity, again re-
flecting decreased energetic reproductive investment under threat of predation. 
Additionally, this physiological adjustment was habitat-dependent, as females 
downregulated baseline corticosterone levels under higher predation risk on 
themselves on open islands (associated with lower adult survival) but not on 
forested islands where nests are visually concealed from predators. Last, while 
I predicted that incubating females would display lower baseline prolactin lev-
els – mediating reduced parental effort – under high predation threat, this pre-
diction was not directly supported by my results. However, elevated baseline 
prolactin levels were still found to be indirectly related to predation pressure. 
Indeed, elevated prolactin levels seemed to promote hatching success in years 
characterised by elevated predation pressure. Overall, high prolactin levels fa-
voured hatching success under constraining extrinsic (e.g., poor climatic condi-
tions) or intrinsic conditions (e.g., when incubating a large clutch). 

Thus, the results drawn from my thesis provide valuable insight into the 
short- and long-term responses of prey individuals and populations to a 
changing predation regime. Interestingly, most of the observed responses 
seemed to be driven by within-individual adjustments of behaviour or physi-
ology to perceived predation threat, supporting the idea that predation risk 
effect may be more important in explaining prey trait evolution than predator-
consumptive effects. However, even though longitudinal studies carried out in 
the wild have the advantage of encompassing the complexity of natural pro-
cesses by integrating concomitant changes in intrinsic or extrinsic factors, 
these studies remain correlational, and further experimental work is needed 
to assess the causal links between predation risk and prey responses. Never-
theless, my results have far-reaching implications for conservation, by im-
proving the knowledge on seabird responses to fluctuating predation risk 
from a native avian predator. 
 
Keywords: corticosterone; flight initiation distance; incubation; parental in-
vestment; physiology; predation risk; predator-prey interactions; prolactin; 
reproduction; selection; Somateria mollissima. 
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Sammanfattning (abstract in Swedish) 
Predationen driver evolutionen av bytesdjurs egenskaper, men de direkta och 
indirekta predationseffekternas roll är omdebatterad. Eftersom predations-
risken ökar kostnaden för nuvarande reproduktion, förväntas långlivade by-
tesdjur prioritera överlevnad och framtida reproduktion genom minskad re-
produktiv investering under hög predationsrisk (via förändringar i livshisto-
ria, beteende, fysiologi eller morfologi). Dock är den relativa betydelsen av ad-
aptiva plastiska reaktioner (inom-individuell fenotypisk variation) och selekt-
ion (fenotypisk variation mellan individer) föga kända vid anpassningen till 
varierande predationstryck. 

Jag fyller dessa kunskapsluckor genom att utvärdera hurdana beteende-
mässiga och fysiologiska responser ejdern Somateria mollissima uppvisar på 
fluktuerande predationsrisk från sin naturliga predator, havsörnen Haliaeetus 
albicilla, vars population snabbt återhämtat sig i sydvästra Finland. Eftersom 
ejdern är långlivad, genomgår en energimässigt påfrestande ruvning och re-
gelbundet avstår från häckning, är den idealisk för att studera livshistorieav-
vägningen mellan reproduktion och överlevnad. Min avhandling bygger på en 
individuell långtidsuppföljning av häckande ådor (> 2500 häckningsförsök; > 
1000 individer; t2008-2022) och m.h.a. dessa data undersökte jag hur risktag-
ningsbenägenheten (flyktavstånd från boet), energiallokeringen (grundnivån 
av kortikosteron) och investeringen i omvårdnad av avkomman (grundnivån 
av prolaktin) beror på temporärt och rumsligt varierande predationsrisk. Data 
omfattade även andra individuella egenskaper (t.ex. ålder, kroppskondition 
och kullstorlek), häckningsmikrohabitat och fin- och storskaliga predations-
riskindex, för att kunna följa upp andra förändringar som skett i populationen. 

Långlivade bytesdjur förväntas minska investeringen i reproduktion un-
der förhöjt predationshot, och i enlighet med detta fann jag att ett ökat pre-
dationshot var förknippat med längre flyktavstånd från boet (minskat riskta-
gande) mellan upprepade häckningsförsök. Detta förklarades av en plastisk 
justering av flyktavståndet till predationsrisk riktad mot häckaren själv, men 
också av ett selektivt bortfall av risktagande fenotyper på öar med hög bopre-
dationsrisk. Sammantaget påverkade risktagningsstrategierna fitness (över-
levnad, häckningsbenägenhet och häckningsutfall), i synnerhet då predations-
risken var hög. Dessa resultat utgör ett av de första bevisen på att målet för 
predation (vuxna individen eller avkomman) formar de mekanismer som dri-
ver anpassningen av risktagningsbenägenhet till predationsrisk. I farliga mil-
jöer var ådorna också mer benägna att förlita sig på tidigare erfarenhet av pre-
dationshot, vilket dämpade flyktresponsen under upprepade konfrontationer 
med ett ofarligt stimulus (människa) under samma häckning. Kortvarig habi-
tuering till icke-livshotande stimuli är adaptivt ifall det minskar de reproduk-
tiva kostnaderna för att överreagera på godartade stimuli. 
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Grundnivån av kortikosteron var positivt associerad med reproduktiv 
investering. Kortikosteronnivåerna minskade då rovdjursaktiviteten var hög, 
vilket återspeglar minskad energetisk reproduktiv investering under pre-
dationshot. Denna fysiologiska justering berodde på livsmiljön – ådorna hade 
en lägre kortikosteronnivå då de utsattes för ett predationshot på öppna öar 
(lägre vuxenöverlevnad) – men inte på skogsklädda öar, som erbjuder ett 
bättre skydd från rovdjur. Jag förutspådde att ruvande ådor skulle uppvisa 
lägre grundnivåer av prolaktin under högt predationshot – eftersom detta 
kunde styra en minskad satsning på omvårdnad av avkomman – en prediktion 
som inte stöddes av mina resultat. Prolaktinnivåerna visade sig dock vara in-
direkt relaterad till predationstrycket, eftersom en hög nivå främjade kläck-
ningsframgången då predationstrycket var högt. Sammantaget gynnade höga 
prolaktinnivåer kläckningsframgången under krävande yttre (dåliga klimat-
förhållanden) eller inre förhållanden (stor kull). 

Mina resultat belyser hur bytesindivider och -populationer på kort och 
lång sikt reagerar på en förändrad predationsregim. De flesta responser be-
rodde på inom-individuella anpassningar av beteende eller fysiologi till pre-
dationshot; alltså kan predationsrisken vara viktigare för att förklara evolut-
ionen av bytesdjurs egenskaper än den direkta dödligheten. Trots att longitu-
dinella studier tar hänsyn till komplexiteten i naturliga processer genom att 
integrera förändringar i inre eller yttre faktorer, är de ofta korrelativa. Därför 
behövs experiment för att identifiera kausaliteten mellan predationsrisk och 
bytesdjurens responser. Det oaktat är mina resultat bevarandebiologiskt vär-
defulla, genom att de förbättrar kunskapen om sjöfåglars responser på fluktu-
erande predationsrisk från en naturligt förekommande fågelpredator. 
 
Nyckelord: Beteende, ejder, fysiologi, föräldrainvestering, livshistorieteori, 
naturligt urval, plasticitet, predator-bytesinteraktioner, reproduktion, stress-
hanteringsstrategier, Somateria mollissima 
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Résumé (abstract in French) 
La prédation agit comme une force de sélection majeure faisant évoluer les 
phénotypes des proies. Cependant, la mesure dans laquelle la consommation 
directe de proies par les prédateurs et le risque de prédation façonnent ces 
traits est encore méconnue. Etant donné que le risque de prédation augmente 
le coût de la reproduction, les espèces longévives devraient prioriser leur 
survie et leur reproduction future en réduisant leur investissement 
reproducteur lorsque le risque de prédation est élevé (par exemple en 
modifiant leurs traits d’histoires de vie, comportement, physiologie ou 
morphologie). Cependant, le rôle de la plasticité et de la sélection dans la 
capacité des populations et des individus à faire face à un risque de prédation 
fluctuant a été peu étudiée dans un contexte naturel. 

Dans ma thèse, j’ai mis ces mécanismes en lumière en évaluant les 
réponses d’un oiseau marin, l’eider à duvet Somateria mollissima, face au 
retour de son prédateur, le pygargue à queue blanche Haliaeetus albicilla. 
Cette espèce est idéale pour étudier les compromis entre reproduction et 
survie, notamment en raison de sa longue durée de vie et de sa capacité à 
jeûner durant l’incubation et à se reproduire de manière intermittente. A 
travers un suivi à long terme (2008-2022) j’ai exploré les modifications de 
comportement de prise de risque (mesurée à travers la distance de fuite) et 
d’indicateurs physiologiques d’allocation énergétique (évaluée via les niveaux 
basaux de corticostérone) et d’effort parental (mesuré via les niveaux basaux 
de prolactine) en réponse à une variation spatio-temporelle de la prédation. 
Ce jeu de données n’est pas restreint au suivi des variables d’intérêt mais 
inclut également les caractéristiques des individus (par exemple leur âge, 
condition corporelle ou taille de ponte), de leur nid, ou le risque de prédation 
à fine et large échelles, permettant de comprendre les divers changements se 
produisant simultanément dans la population.  

Tout d’abord, en accord avec la prédiction selon laquelle les proies 
longévives devraient réduire leur investissement parental lorsque la 
prédation est forte, j’ai montré qu’une augmentation de la prédation était 
associée à un allongement de la distance de fuite, indiquant une réduction de 
la prise de risque. Cette réponse est liée à une modification plastique (intra-
individuelle) de la distance de fuite au risque de prédation des adultes, à 
laquelle s’ajoute une disparition sélective (inter-individuelle) des phénotypes 
associés à une forte prise de risque sur les îles où la prédation des nids est 
forte. En accord avec cette idée, j’ai mis en évidence un lien entre stratégie de 
prises de risque traits démographiques (survie, probabilité de se reproduire 
et succès à l’éclosion), en particulier lorsque la prédation est élevée. Mes 
résultats sont parmi les premiers à montrer que les mécanismes (plasticité ou 
sélection) façonnant les ajustements de prise de risque des individus 
dépendent de la cible des prédateurs (parents ou progéniture). A l’échelle 
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intra-annuelle, les femelles nichant sur des îles où la predation est forte 
étaient, au contraire, plus susceptibles de réduire leur distance de fuite 
lorsqu’elles étaient confrontées de manière répétée à une tentative de 
prédation (une approche humaine répétée pendant plusieurs jours 
consécutifs). Cette habituation à court terme pourrait limiter les coûts 
reproductifs associés à l’expression d’une surréaction face à des stimuli 
stressants mais bénins. 

De plus, j’ai montré que les niveaux basaux de corticostérone étaient reliés 
positivement à l’investissement reproducteur. Les femelles incubant sous fort 
risque de prédation présentaient des niveaux plus faibles, reflétant de nouveau 
une réduction de l’investissement énergétique dans la reproduction. Cet 
ajustement physiologique dépendait de l'habitat, les femelles réduisant leurs 
niveaux basaux de corticostérone en cas de risque élevé de prédation sur elles-
mêmes sur les îles ouvertes (associées à une survie adulte plus faible), mais pas 
sur les îles boisées où les nids sont dissimulés sous la végétation. Enfin, alors que 
j'avais prédit que les femelles présenteraient des niveaux basaux de prolactine 
plus bas (médiant une réduction de l'effort parental) en cas de risque de 
prédation élevé, aucune relation directe entre la prolactine et la prédation n’a été 
mise en évidence par mes résultats. Néanmoins, j’ai montré l’existence d’une 
relation indirecte entre les niveaux basaux de prolactine et la prédation. En effet, 
maintenir des niveaux basaux élevées de prolactine pendant l’incubation semble 
favoriser le succès à l’éclosion lorsque les conditions extrinsèques ou 
intrinsèques sont contraignantes. Cela inclut un risque de prédation élevé, de 
mauvaises conditions nutritives avant la reproduction, ou encore le fait d’incuber 
un grand nombre d’œufs. 

Les résultats de ma thèse permettent ainsi de mieux comprendre les 
réponses à court et long terme des proies face à un changement de régime de 
prédation. Ces réponses semblent principalement résulter d'ajustements 
intra-individuels, soutenant l’idée selon laquelle le risque de prédation 
pourrait mieux prédire les évolutions des phénotypes que la consommation 
directe des proies par les prédateurs. Cependant, même si les études basées 
sur des suivis long-terme en milieu naturel ont l'avantage de prendre en 
compte la complexité des processus naturels, elles restent corrélationnelles, 
et des travaux expérimentaux sont maintenant nécessaires afin d’identifier les 
liens de cause à effet entre le risque de prédation et les réponses des proies. 
Mes résultats ont néanmoins des implications pour la conservation, en 
approfondissant les connaissances sur les réponses des oiseaux marins à une 
prédation fluctuante de la part d'un prédateur indigène.  
 
Mots clefs: comportement ; corticostérone : distance de fuite ; incubation ; 
investissement parental ; plasticité ; prolactine ; selection ; Somateria 
mollissima ; théorie des traits d’histoire de vie.  



Table of contents 

9 
 

Table of contents 
 

Abstract ........................................................................................................................................ 3 

Sammanfattning (abstract in Swedish) .......................................................................... 5 

Résumé (abstract in French) ............................................................................................... 7 

Table of contents ...................................................................................................................... 9 

List of Original Papers ......................................................................................................... 11 

1. Introduction ....................................................................................................................... 13 
1.1. Predator-prey interactions .................................................................................. 13 
1.2. Predation risk and the cost of reproduction ................................................ 14 
1.3. Maximising fitness under predation risk ....................................................... 15 

1.3.1. Life-history decision-making: to breed or not? .............................. 16 
1.3.2. Optimising reproductive investment under predation risk 
through behavioural and physiological adjustments ............................... 16 

1.4. Coping with a fluctuating environment .......................................................... 21 
1.5. The eagle-eider system ......................................................................................... 23 

2. Aims and Scope of the Thesis ...................................................................................... 25 

3. Material and Methods .................................................................................................... 27 
3.1. Ecology of the common eider ............................................................................. 27 
3.2. Study area ................................................................................................................... 28 
3.3. Field methods ............................................................................................................ 29 

3.3.1. Female eider monitoring ......................................................................... 29 
3.3.2. Behavioural and physiological traits reducing the risk of 
predation .................................................................................................................... 33 
3.3.3. Perceived predation risk .......................................................................... 34 
3.3.4. Climatic conditions and food supply ................................................... 36 

3.4. Data analysis .............................................................................................................. 37 

4. Results and Discussion .................................................................................................. 40 
4.1. Population-level changes over the study period ........................................ 40 

4.1.1. A fluctuating predation regime ............................................................. 40 
4.1.2. Temporal trends in female fitness ....................................................... 42 
4.1.3. Changes in female nest site, state and clutch size ......................... 44 

4.2. Behavioural response reflected in variable risk-taking propensity ... 46 
4.2.1. Risk-taking propensity and individual characteristics................ 47 



Table of contents 

10 
 

4.2.2. Risk-taking propensity and predation risk ...................................... 48 
4.2.3. Risk-taking propensity and fitness ...................................................... 50 

4.3. Physiological responses to predation risk mediated by baseline 
corticosterone ................................................................................................................... 52 

4.3.1. Baseline corticosterone and reproductive investment: 
validation of the corticosterone-adaptation hypothesis ........................ 52 
4.3.2. Baseline corticosterone and predation risk ..................................... 53 
4.3.3. Baseline corticosterone and fitness .................................................... 53 

4.4. Context-dependent variation in baseline prolactin in response to 
predation ............................................................................................................................. 55 

4.4.1. Baseline prolactin and parental effort................................................ 56 
4.4.2. Baseline prolactin and predation risk ................................................ 57 
4.4.3. Context-dependent association between baseline prolactin 
levels and fitness ..................................................................................................... 57 

5. Conclusions and perspectives ..................................................................................... 59 
5.1. Significance of the results .................................................................................... 59 

5.1.1. Behavioural and physiological responses to increasing 
predation pressure ................................................................................................. 59 
5.1.2. Age-dependent responses and senescence ...................................... 61 

5.2. Towards stress-coping strategies? ................................................................... 62 
5.3. Implications for conservation ............................................................................ 65 

5.3.1. Implications for the conservation of eider populations .............. 65 
5.3.2. Implications for seabird conservation ............................................... 67 

5.4. Future directions ..................................................................................................... 68 
5.4.1. Baseline corticosterone and prolactin levels as conservation 
biomarkers? ............................................................................................................... 68 
5.4.2. Integrating stress-induced responses to measure stress 
sensitivity ................................................................................................................... 69 
5.4.3. Exploring transgenerational effects of maternal stress and 
exposure to predators ........................................................................................... 70 
5.4.4. Conclusion ...................................................................................................... 71 

Acknowledgements .............................................................................................................. 74 

References ............................................................................................................................... 77 

Original Publications ........................................................................................................ 105 

 

  



List of Original Papers 

11 
 

List of Original Papers 
This thesis is based on the following papers, which will be referred to in the 
text by their Roman numerals: 
 

I 

 

Mohring, B., Angelier, F., Jaatinen, K., Steele, B., Lönnberg, E., & Öst, 
M. (2022). Drivers of within- and among-individual variation in risk-
taking behaviour during reproduction in a long-lived bird. Proceed-
ings of the Royal Society B, 289(20221338). 
doi: 10.1098/rspb.2022.1338 
 

II 

 

Mohring, B., Angelier, F., Jaatinen, K., Steele, B., & Öst, M. Habituation 
or sensitization? Predation risk and breeding investment drive short-
term adjustment of flight initiation distance in incubating common 
eiders. Manuscript. 
 

III 

 

Mohring, B., Angelier, F., Jaatinen, K., Barbraud, C., Steele, B., & Öst, 
M. Fitness consequences of risk-taking strategies under increasing 
predation pressure: a study of flight initiation distance in incubating 
common eiders. Manuscript. 
 

IV 

 

Mohring, B., Angelier, F., Jaatinen, K., Parenteau, C., & Öst, M. (2021). 
Parental investment under predation threat in incubating common 
eiders (Somateria mollissima): a hormonal perspective. Frontiers in 
Ecology and Evolution, 9(637561). 
doi: 10.3389/fevo.2021.637561 
 

V 

 

Mohring, B., Öst, M., Jaatinen, K., Parenteau, C., Grimaud, E., & An-
gelier, F. (2023). Breeding under pressure: corticosterone is associ-
ated with reproductive investment under fluctuating predation risk 
in a long-lived sea duck. Functional Ecology, 37(11), 2868-2882.  
doi: 10.1111/1365-2435.14435 
 

VI 

 

Mohring, B., Öst, M., Jaatinen, K., Parenteau, C., Pallud, M., & Angelier, 
F. Parenting in a changing environment: a long-term study of prolac-
tin, internal state and reproductive success in common eiders. Manu-
script. 
 

 

  

https://doi.org/10.1098/rspb.2022.1338


List of Original Papers 

12 
 

Author contributions to the individual papers: 

 Paper I Paper II Paper III 

Study design & methods BM, MÖ, FA, 
KJ BM, FA, MÖ, KJ BM, CB, FA, MÖ, 

KJ 
Data collection MÖ, KJ, BS, EL MÖ, KJ, BS MÖ, KJ, BM 

Data analysis BM, FA, MÖ, 
KJ BM, FA, MÖ, KJ BM, CB, FA, MÖ, 

KJ 

Manuscript preparation BM, FA, MÖ, 
KJ, BS, EL 

BM, MÖ, FA, KJ, 
BS 

BM, FA, CB, MÖ, 
KJ 

 

 Paper IV Paper V Paper VI 

Study design & methods BM, MÖ, FA, KJ BM, FA, MÖ, 
KJ BM, FA, MÖ, KJ 

Data collection MÖ, KJ MÖ, KJ, BM MÖ, KJ, BM 
Laboratory analyses CP, BM EG, CP, BM MP, CP, BM 

Data analysis BM, FA, MÖ, KJ BM, FA, MÖ, 
KJ BM, FA, MÖ, KJ 

Manuscript preparation BM, FA, MÖ, KJ, 
CP 

BM, FA, MÖ, 
KJ, CP, EG 

BM, FA, MÖ, KJ, 
CP, MP 

BM: Bertille Mohring; BS: Ben Steele; CB: Christophe Barbraud; CP: Charline Parenteau; 
EG: Emmanuelle Grimaud; EL: Elin Lönnberg; FA: Frédéric Angelier; KJ: Kim Jaatinen; MP: 
Marie Pallud; MÖ: Markus Öst. 

 

The original publications have been reproduced with the permission of the 
copyright holders. 

Copyrights: 

© 2021 Mohring, Angelier, Jaatinen, Parenteau and Öst. 

© 2022 The Authors. Published by the Royal Society.  

© 2023 The Authors. Functional Ecology published by John Wiley & Sons Ltd on be-
half of British Ecological Society.   



1. Introduction 

13 
 

1. Introduction 
In a context of global change and biodiversity crisis (Ceballos et al., 2010, 
2015), individuals and populations may have to face rapid changes in their 
ecosystems, that can even occur during an individual’s lifetime. Such pressures 
include climate changes (e.g., temperature, rainfall), anthropogenic alterations 
of ecosystems (e.g., urbanisation, habitat fragmentation), or changes in preda-
tion regime (e.g., introduction of invasive alien predators or recovery of native 
predators) (Dias et al., 2019). The relative importance of these abiotic and bi-
otic pressures differs between systems, and, within the scope of my thesis, I 
am interested in a system primarily shaped by a change in predation regime. 

1.1. Predator-prey interactions 
Interactions between predators and prey have been at the centre of scientists’ 
attention for centuries. Historically, predator-prey interaction studies have 
mainly focused on the consumptive effect of predators on prey, i.e., the re-
moval of prey individuals from the ecosystem by direct killing (Lima, 1998a; 
Zanette & Clinchy, 2017). Predators were thus described as exerting top-down 
control on prey population density through consumption. Later emerged the 
concepts of bottom-up control of predator density by food supply and of cy-
clicity of predator-prey population dynamics, following the idea that food lim-
itation – associated with reduced prey density – may, in turn, affect predator 
populations.  

A classic textbook example of cyclicity in predator-prey interactions is 
the cycle of Canada lynx Lynx canadensis and snowshoe hare Lepus americanus 
populations in the boreal forests of North America (Peckarsky et al., 2008). 
There, snowshoe hare populations follow regular density-dependent 9- to 11-
year cycles (Krebs et al., 1995, 2001). These cycles have for long been pre-
sented as shaped by consumptive mechanisms (Krebs et al., 1995). To sum up, 
under low predator abundance, prey density increases. As prey density, i.e., 
food resources, increase, predator density also rises. Through consumption, 
high predator density drives down prey numbers, and when predators reach 
and exceed carrying capacity, the prey population collapses. The rarefication 
of prey is followed by a crash of the predator population, and with low preda-
tor abundance, the cycle repeats itself.  

Importantly, consumptive mechanisms do not only shape prey density, 
but also act as a central driver of phenotypic selection (Relyea, 2002). Preda-
tors thus often target prey characterised by specific traits. Accordingly, pred-
ators may preferentially prey upon young, sick or weak individuals (Genovart 
et al., 2010), or exert selective pressure on prey morphology such as prey size 
(Karanth & Sunquist, 1995; Quinn & Kinnison, 1999) or colour (Husak et al., 
2006; Palleroni et al., 2005; Stimson & Berman, 1990). As an example, higher 
predation of conspicuous orange-winged morphs of monarch butterflies 
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Danaus plexippus by two introduced bulbul species (red-whiskered bulbuls 
Pycnonotus jacosu and red-vented bulbuls Pycnonotus cafe) is thought to ex-
plain the predominance of white-winged monarch butterfly morphs on the is-
land of Oahu, in Hawaii (Stimson & Berman, 1990). 

In addition to predator-consumptive effects, growing evidence highlight 
the importance of also considering the non-consumptive effects of predators 
on prey individuals and populations (Lima, 1998a; Zanette & Clinchy, 2017), 
referred to as predation risk effects (Box 1; Peacor et al., 2020). Variation in 
predation risk can thus be associated with modification of prey phenotypically 
plastic traits (e.g., behaviour, physiology, morphology or life-history; Abbey-
Lee et al., 2016; LaManna & Martin, 2016; Lima, 1998a, 1998b; Sheriff & Tha-
ler, 2014; Ydenberg et al., 2023), known as risk-induced trait responses (Box 
1; Peacor et al., 2020). In the lynx-hare example, predation risk alters hare for-
aging behaviour and physiology (Majchrzak et al., 2022; Sheriff et al., 2011). 
Risk-induced trait responses are often accompanied by a cost on prey fitness 
(e.g., through associated costs on growth, reproduction, recruitment or mor-
tality) or abundance, corresponding to non-consumptive effects of predation 
risk (Box 1; Peacor et al., 2020). Lynx predation risk has thus been shown to 
have short- and long-term consequences on hare fitness through changes in 
fertility, offspring production or even vulnerability to diseases (Boonstra et al., 
1998; Krebs et al., 2001; MacLeod et al., 2006; Peckarsky et al., 2008; Sinclair 
et al., 2003). Overall, predation risk effects are thought to accelerate predator-
consumptive effects on prey (Peckarsky et al., 2008) and, although this idea is 
debated (LaManna & Martin, 2017), may even be more important in explaining 
prey population dynamics or trait evolution than predator-consumptive ef-
fects themselves (Creel & Christianson, 2008; Nelson et al., 2004; Pangle et al., 
2007; Preisser et al., 2005). 

1.2. Predation risk and the cost of reproduction 
Predator-prey interactions are thus predicted to influence both predator and 
prey breeding decisions. From the predator’s perspective, reproduction de-
pends on the ability of the predator to consume a sufficient amount of suitable 
prey to both survive and produce offspring (Durant et al., 2007). From the 
prey’s perspective, engaging in reproduction requires acquiring sufficient re-
sources but also increases the risk of being preyed upon (Magnhagen, 1991). 
Indeed, reproductive activities are often associated with higher exposure or 
vulnerability to predators, be it through conspicuous displays to find and se-
duce a mate, reduced mobility during gestation or egg carrying, or depletion 
of energetic reserves during incubation or when rearing offspring (Magnha-
gen, 1991). These costs are often referred to as accessory costs of reproduc-
tion (Shaw & Levin, 2013). Consequently, the risk of predation on parents or 
their offspring overall exacerbates reproductive costs of prey (Candolin, 1998; 
Magnhagen, 1991). 
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As within an organism energy is inevitably limited, allocating resources 
into the current reproductive event reduces resources available for self-
maintenance, with potential consequences on future reproduction and sur-
vival (Reznick, 1985; Stearns, 1992; Williams, 1966). In that context, life-his-
tory theory provides evidence for a trade-off between survival and reproduc-
tion, but also between investment in current versus future reproduction (Wil-
liams, 1966). Accordingly, an individual can be defined by its reproductive 
value, corresponding to the mean expected reproductive output of an individ-
ual of its age and sex in a given population (Fisher, 1930). This reproductive 
value can be further separated into two components: current reproductive ef-
fort and residual reproductive value, measuring future opportunities for re-
production (Williams, 1966). 

Because investment in the current reproductive event can compromise 
investment in future reproduction, parents are predicted to adjust current re-
productive effort to their internal state and to environmental conditions to 
maximise lifetime reproductive output (McNamara & Houston, 1996; Stearns, 
1992). As it is now accepted that prey may possess the ability to assess their 
risk of being preyed upon, and are able to incorporate this information into 
decision-making (Lima & Dill, 1990; Malone et al., 2017; Sabal et al., 2021), 
prey individuals are expected to reduce investment in current reproduction 
when predation risk – on themselves or on their offspring – and the associated 
cost of reproduction increase (Candolin, 1998; DeWitt et al., 2019; Magnhagen, 
1991; Malone et al., 2017; Mutzel et al., 2019). Adjustment of reproductive ef-
fort to the current breeding event is especially relevant for long-lived species, 
characterised by low annual mortality rates (Sæther & Bakke, 2000) and, con-
sequently, high residual reproductive value (Roff, 1993; Stearns, 1992). For 
these individuals, even a small reduction of adult survival due to increased in-
vestment in current reproduction may largely reduce the number of future 
breeding opportunities and associated lifetime reproductive success (Erikstad 
et al., 1998; Gaillard & Yoccoz, 2003; Sæther & Bakke, 2000). These long-lived 
parents may, accordingly, also reduce reproductive effort when the changes of 
successfully raising offspring are low, leading to a low benefit of investing into 
current reproduction. 

1.3. Maximising fitness under predation risk 
In light of the trade-off between current and future reproduction, individuals 
are predicted to optimise life-history decisions, considering their state as well 
as environmental conditions (McNamara & Houston, 1996), including preda-
tion risk. A first crucial life-history decision encountered by iteroparous spe-
cies is to decide whether to engage in reproduction or postpone reproduction 
to invest in the next reproductive opportunity in order to maximise their life-
time fitness (Erikstad et al., 1998; Williams, 1966). If engaging in reproduction, 
the following challenge is determining how much energy to invest in current 
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offspring. For example, several species have been shown to reduce clutch size 
or offspring number under high predation risk (Eggers et al., 2006; Travers et 
al., 2010; Zanette et al., 2011). The amount and quality of parental care pro-
vided to offspring (referred to as parental effort; Angelier & Chastel, 2009) is 
also thought to be under the influence of the risk of predation (Candolin, 1998; 
Conway & Martin, 2000; Malone et al., 2017). Adjustment of reproductive in-
vestment is expected to be facilitated by modification of both phenotypically 
plastic and non-plastic selected traits such as life-history, morphology, behav-
iour or physiology. 

1.3.1. Life-history decision-making: to breed or not? 

In long-lived species, individuals are expected to have many opportunities to 
produce and raise offspring during their lifetime. As a small reduction of adult 
survival is likely to have great impacts on population growth rate, especially 
in long-lived species (Gaillard & Yoccoz, 2003; Sæther & Bakke, 2000), they 
are predicted to put a greater emphasis on their own survivorship, as opposed 
to that of their offspring (Roff, 1993; Stearns, 1992). Such maximisation of 
adult survival and associated lifetime reproductive output may be reached by 
reducing parental effort or terminating a current reproductive event, but also 
by skipping breeding entirely, leading to the evolution of intermittent breed-
ing strategies in iteroparous species (Desprez et al., 2018; Shaw & Levin, 
2013). Deciding to skip reproduction is thought to provide a fitness benefit by 
increasing adult survivorship and opportunities for future reproduction when 
accessory costs of reproduction are elevated (Shaw & Levin, 2013), for in-
stance when facing extreme climatic events (Cubaynes et al., 2011; Soldatini 
et al., 2016), under high predation risk (Dulude-de Broin et al., 2020; Öst et al., 
2018), or when energetic reserves are low (Desprez et al., 2018; Smout et al., 
2020). 

1.3.2. Optimising reproductive investment under predation risk 
through behavioural and physiological adjustments 

During reproduction, a suite of morphological, behavioural and physiological 
traits and responses is thought to facilitate individual adjustment of reproduc-
tive investment as well as to reduce vulnerability to predators. 

Behavioural traits 

Parental care, the diversity of behaviour exhibited by parents that aim to in-
crease offspring fitness (Royle et al., 2012), plays a major role in enhancing an 
individual’s fitness through the production of high-quality offspring. It encom-
passes a wide variety of behaviour displayed before and after offspring birth, 
such as nest building, production and incubation of eggs, and guarding and 
provisioning of offspring (Clutton-Brock, 1991). As exhibiting parental care is 
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often associated with a higher risk of predation, parental behaviour inter-
twines with diversity of behaviours reducing the risk of predation (i.e., anti-
predator behaviour) (Sih, 1994). Antipredator behaviours include for example 
behaviours reducing the risks of encountering a predator, those enhancing de-
tection of predators by prey, but also warning signals and escape or defence 
behaviour (Caro, 2005). Prey may indeed adjust their use of habitat and time 
budget activities to avoid predators. It is the case of Leach’s storm-petrels 
Oceanodroma leucorhoa, a nocturnal species synchronising its activity pat-
terns with light levels to maximise predator-avoidance (Miles et al., 2013; Wa-
tanuki, 1986). Additionally and although subject to debate, colonial breeding 
strategies have evolved as a way to increase predator detection through group 
vigilance, deter predators with social mobbing or overall dilute the individual 
risk of predation (Coulson, 2002; Götmark & Andersson, 1984; Rodgers, 
1987). Lastly, when confronted with an approaching predator, nest defence 
behaviours are also varied, comprising: crypsis, aggression, distraction dis-
plays or defensive defecation (Humphreys & Ruxton, 2020). These behaviours 
are not mutually exclusive and, when unfruitful, often result in the escape of 
the parent from the nest. 

The behavioural escape response of a brooding prey to an approaching 
predator is particularly interesting, as it often directly reflects the trade-off 
between maximising either parent or offspring survival. Indeed, following the 
optimal escape theory, escape distance is thought to mirror the balance be-
tween the costs and benefits of fleeing (Cooper & Frederick, 2007; Ydenberg 
& Dill, 1986). Parents are often expected to delay escape to protect offspring, 
as fleeing from the nest is likely to indicate the offspring’s location and render 
them vulnerable to predators, resulting in the termination of the current 
breeding event (Broom & Ruxton, 2005). Nevertheless, delaying escape may 
also lead to the death of the parent and to the loss of all future breeding op-
portunities (Albrecht & Klvaňa, 2004). Accordingly, measuring flight initiation 
distance, the distance at which a focal individual initiates escape from an ap-
proaching potential predator (Ydenberg & Dill, 1986), provides a standardised 
measurement of the degree of risk an individual is willing to tolerate before 
fleeing (Samia et al., 2016; Stankowich & Blumstein, 2005). It indeed measures 
the extent to which an individual prioritises survival over reproduction. Inter-
estingly, although context- or state-dependent (Albrecht & Klvaňa, 2004; de 
Jong et al., 2021; Osiejuk & Kuczyński, 2007), risk-taking propensity is often 
repeatable within individuals (Cabrera et al., 2017; Carrete & Tella, 2010; 
Strong et al., 2017). This response is closely linked to a shy-bold continuum, 
with bolder individuals (i.e., risk-taking individuals) tolerating a closer ap-
proach than shier individuals (i.e., risk-avoiding individuals) that flee from a 
greater distance to the threat (Cooper Jr, 2009; Petelle et al., 2013; Réale et al., 
2007). 
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Physiological traits 

Predation risk exerts chronic and acute physiological stress on prey organisms 
which can be reflected, for example, in variation in glucocorticoids, reproduc-
tive hormones, oxidative stress, plasma metabolites, telomeres or immune 
functions (reviewed in Hawlena & Schmitz, 2010; Zanette et al., 2014). Among 
these physiological traits, hormonal mechanisms orchestrate many life-his-
tory decisions in vertebrates, notably because the activation of specific endo-
crine pathways can redirect the allocation of resources from one activity (e.g., 
reproduction) to another (e.g., self-maintenance or survival) (Angelier et al., 
2016; Sapolsky et al., 2000). While individuals may compensate and recover 
from exposure to acute stressors with little physiological consequences, pro-
longed exposure to predator presence or repeated exposure to acute stressors 
(e.g., through frequent predator attacks) may deeply alter physiology and in-
terfere with essential body functions or activities (e.g., foraging or reproduc-
tion) (Romero, 2004; Zanette et al., 2014). To cope with chronic stress and re-
sume essential activities, individuals are thus predicted to adjust the magni-
tude of their stress response to maximise fitness, either lessening or heighten-
ing stress sensitivity (Angelier & Wingfield, 2013; Brown et al., 2005; Zanette 
et al., 2014). Glucocorticoids are of particular interest within the study of re-
productive investment under predation risk, due to their central role in the 
response to stressors but also in maintaining homeostasis – i.e., maintaining a 
physiological balance despite changes in internal and external conditions 
(McEwen & Wingfield, 2003) – and in the regulation of energetic balance, as 
well as reproductive hormones such as prolactin, with its central role in the 
expression of parental behaviour (Angelier et al., 2016; Angelier & Chastel, 
2009; Sapolsky et al., 2000). 

First, glucocorticoids – cortisol in most mammals and fish and corti-
costerone in birds, rodents, reptiles and amphibians – are involved in allosta-
sis, i.e., in the process of maintaining stability through change (McEwen & 
Wingfield, 2003; Romero et al., 2009). Allostasis – and the associated secretion 
of glucocorticoids – is thought to enable organisms to actively adjust their phe-
notype to both predictable and unpredictable events (Grindstaff et al., 2022; 
McEwen & Wingfield, 2003; Wingfield, 2003). Because an elevation of gluco-
corticoid levels under chronic or acute stress can trigger an emergency life 
history stage (Wingfield et al., 1998), glucocorticoids are often thought of as 
“stress hormones” (Romero, 2004; Sapolsky et al., 2000). Through pleiotropic 
effects (i.e., by simultaneously affecting multiple phenotypic traits), glucocor-
ticoids can therefore alter individual behaviour and life-history decisions 
(Crespi et al., 2013; Crossin et al., 2016; Sapolsky et al., 2000). Accordingly, 
several studies have shown that individuals can respond to environmental 
challenges (e.g., severe climatic events or high predation risk; Clinchy et al., 
2004; Henderson et al., 2017; Kitaysky et al., 1999; Pravosudov et al., 2001; 
Scheuerlein et al., 2001) or energetic challenges (e.g., poor body reserves; 
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Williams et al., 2008, or hunger; Riechert, Chastel, et al., 2014) by displaying 
elevated baseline corticosterone levels that can sometimes completely sup-
press the expression of reproductive behaviour, leading to the termination of 
a breeding attempt (Groscolas et al., 2008; Love et al., 2004; Spée et al., 2011). 
In such a context, one can expect a negative association between corti-
costerone and fitness (referred to as the ‘corticosterone-fitness hypothesis’, 
Bonier et al., 2009; Figure 1A), with detrimental effects of elevated glucocorti-
coid levels on growth, survival and reproduction. Previous studies have thus 
highlighted reduced growth rate (Hayward & Wingfield, 2004; Hull et al., 
2007; Müller et al., 2009), reduced survival (Ethan Pride, 2005; Goutte et al., 
2010; Jimeno et al., 2018; Lancaster et al., 2008) and lower breeding success 
(Henderson et al., 2017; Ouyang et al., 2011; Sheriff et al., 2009) in individuals 
displaying elevated baseline glucocorticoid levels.  

However, because glucocorticoids are also involved in maintaining en-
ergetic balance and as reproduction is energetically demanding (e.g., when 
fasting during incubation), upregulating glucocorticoid levels has been shown 
to increase fitness (the ‘corticosterone-adaptation hypothesis’, Bonier et al., 
2009; Figure 1B). Accordingly, a moderate elevation of circulating glucocorti-
coid levels can be associated with increased metabolic activity (Jimeno et al., 
2018), incubation commitment (Ouyang, Muturi, et al., 2013), higher offspring 
feeding rate (Ouyang, Sharp, et al., 2013), higher reproductive success or out-
put (Béziers et al., 2020; Crossin et al., 2013; Fischer et al., 2020; Ouyang, 
Sharp, et al., 2013; Riechert, Becker, et al., 2014) and even higher survivorship 
(Comendant et al., 2003; Cote et al., 2006; Rivers et al., 2012). Such contrasting 
relationships highlight the context-dependency of glucocorticoids, but also the 
still poorly understood association between glucocorticoids and fitness under 
variable environmental conditions (Figure 1A and 1B) – according to which 
both positive and negative relationships could even be validated within indi-
viduals and across contexts (Escribano-Avila et al., 2013). 
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Figure 1: Schematic representation of the theoretical expectations regarding the link be-
tween baseline corticosterone (CORT) and prolactin (PRL) levels, fitness, and environ-
mental challenges. 

Second, prolactin is the main hormone governing the expression of pa-
rental and alloparental behaviour (Angelier et al., 2016; Angelier & Chastel, 
2009; Buntin, 1996; Riddle, 1963). Consequently, baseline prolactin levels are 
thought to mirror parental effort – i.e., the amount and quality of care provided 
by a parent (Angelier & Chastel, 2009). Prolactin secretion is facilitated by egg 
or offspring visual or tactile stimuli (M. Hall, 1987; Massaro et al., 2007; Sharp 
et al., 1988; Smiley & Adkins-Regan, 2018a) (Figure 1C). Circulating prolactin 
levels have been shown to rise during egg laying, and high prolactin levels can 
promote incubation behaviour as well as brooding, feeding or defending off-
spring (Angelier et al., 2016; Clutton-Brock, 1991; Hope et al., 2020; Smiley & 
Adkins-Regan, 2018b; Wang & Buntin, 1999). Experimental studies have in-
deed demonstrated that a moderate increase in prolactin levels can enhance 
incubation behaviour and offspring care or protection (Farrar et al., 2022; 
Pedersen, 1989; Sockman et al., 2000), while a moderate decrease in prolactin 
levels can reduce incubation commitment (Angelier, Clément-Chastel, et al., 
2009; Thierry et al., 2013), post-hatch parental care (Smiley & Adkins-Regan, 
2018b), alloparental behaviour (Angelier, Barbraud, et al., 2006) and even 
lead to egg or offspring abandonment (Spée et al., 2011). Similarly, parents 
abandoning eggs or chicks often display low prolactin levels (Chastel & 
Lormée, 2002; Groscolas et al., 2008; Spée et al., 2010). Overall, breeding indi-
viduals and successful breeders have been shown to display higher baseline 
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prolactin levels than non-breeders (Hall, 1986; Ouyang, Sharp, et al., 2013; 
Riou et al., 2010; Schoech et al., 1996) and failed breeders (Angelier, Clément-
Chastel, et al., 2009; Angelier et al., 2013; Chastel et al., 2005; Crossin et al., 
2012; Riou et al., 2010), respectively. 

Interestingly, baseline prolactin levels can differ between breeding sea-
sons (Angelier & Chastel, 2009; Delehanty et al., 1997; Riechert, Becker, et al., 
2014), and although poorly understood, such variation has previously been 
linked to yearly changes in precipitation (Delehanty et al., 1997; Rubenstein et 
al., 2008) or food availability (Riechert, Becker, et al., 2014), suggesting a 
link to environmental conditions. Thus, despite the central role of prolactin 
in reproduction, possible adjustments of prolactin levels – and associated pa-
rental effort – to variation in environmental conditions have been overlooked 
(but see Delehanty et al., 1997; Riechert, Becker, et al., 2014; Rubenstein et al., 
2008; Smith et al., 2023; reviewed in Angelier et al., 2016). Given that prolactin 
levels can be modulated by stressors (Angelier et al., 2016; Angelier & Chastel, 
2009; Chastel et al., 2005), understanding how prolactin levels fluctuate in a 
context of fluctuating biotic environmental conditions such as predation pres-
sure is crucial. Specifically, the link between prolactin and predation risk has 
been overlooked. 

1.4. Coping with a fluctuating environment 
The modification of behavioural or physiological traits, as well as life-history 
decisions, is thought to help organisms cope with environmental challenges 
(Jacobs & Wingfield, 2000; Sheriff & Thaler, 2014; Wingfield et al., 2011), such 
as fluctuating predation pressure. Overall, populations are maintained under 
changing environmental conditions through two main processes: within-indi-
vidual adaptive plastic responses to environmental variations and among-in-
dividual selective changes of the optimum phenotype with environmental 
fluctuations (also referred to as environmental sensitivity of phenotypic selec-
tion; Ghalambor et al., 2007; Chevin et al., 2010).  

Phenotypic plasticity or flexibility – the capacity to display different phe-
notypes in response to changing conditions – is thought to play a central role 
in the ability of an organism to cope with fluctuating extrinsic (e.g., climate, 
predation risk) or intrinsic conditions (e.g., body reserves) (Ghalambor et al., 
2007; Taff & Vitousek, 2016). Individuals that are able to match their pheno-
type to environmental conditions often gain a fitness advantage over those 
mismatching their phenotype (Moran, 1992; Petrullo et al., 2023; Wada & Se-
wall, 2014), and are more likely to persist in the ecosystem, while others might 
disappear (Chevin et al., 2010; Fierst, 2011; Taff & Vitousek, 2016; Wingfield, 
2003). Accordingly, previous research suggests that plasticity enhances envi-
ronmental tolerance and thus buffers against and reduces the risk of extinc-
tion (Cerini et al., 2023; Nunney, 2016). This is because flexible responses offer 
individuals and populations more time to adjust their phenotype to a new 
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optimum through directional selection (Ducatez et al., 2020; Ghalambor et al., 
2007). 

The matching of phenotype to environmental condition requires suffi-
cient phenotypic plasticity, but this does not guarantee adaptation. A flawed 
assessment of environmental cues will not elicit the correct adaptive response 
despite the presence of sufficient plasticity. Such flawed assessments are 
costly as they lead to mismatches between phenotype and environment (Gha-
lambor et al., 2007; Petrullo et al., 2023). Interestingly, individuals belonging 
to the same population and facing the same environmental challenge often 
vary greatly in their behavioural or physiological response (Dammhahn et al., 
2018; Montiglio et al., 2018; Réale et al., 2010). These differences between in-
dividuals are often consistently maintained across contexts and over time 
(Dingemanse et al., 2010). Several non-mutually exclusive hypotheses could 
explain the maintenance of inter-individual variation in phenotypes. Indeed, 
variation in behavioural or physiological traits among individuals can reflect 
adaptive responses to differences in state (i.e., variation in individual physical 
or physiological condition, age or experience; Dingemanse & Wolf, 2010; Wolf 
& Weissing, 2010). In addition, positive feedback between individual state and 
behavioural or physiological traits can reinforce and stabilise inter-individual 
phenotypic differences (Dingemanse & Wolf, 2010; Wolf & Weissing, 2010). 
Among-individual phenotypic variation may also be associated with different 
ways of solving life-history trade-offs (e.g., survival-reproduction trade-off, or 
trade-off between investment in current or future reproduction), and context-
dependent fitness may favour the maintenance of interindividual variation 
(Moran, 1992; Wolf & Weissing, 2010). 

While it is widely admitted that predation plays a central role in animal 
evolutionary processes (Abrams, 2000), the extent to which predator-con-
sumptive and predation risk effects drive phenotypes within a population de-
serves further investigation (Figure 2). In particular, the relative roles played 
by adaptive plastic responses (i.e., within-individual phenotypic variation) 
and selective processes (i.e., among-individual phenotypic variation) in allow-
ing populations and individuals to persist under fluctuating predation pres-
sure have been overlooked. 
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Figure 2: Schematic representation of the evolution of (A) a prey population character-
ised by different phenotypes facing a change in predation regime. In (B) the population 
is maintained, with some prey individuals successfully adjusting their phenotype to cope 
with increasing predation while predators select against specific phenotypes (orange 
cross, predator-consumptive effects). (C) illustrates an extreme case in which prey indi-
viduals are not able to adjust their phenotype to changing environment and predation 
pressure drives prey population to extinction. 

1.5. The eagle-eider system 
Predation by invasive and native predators play a major role in structuring 
ecosystems, notably through trophic cascades (Letnic et al., 2012; Natsukawa 
& Sergio, 2022). While the impact of the former is widely acknowledged as a 
key driver of extinctions (Doherty et al., 2016; Jones et al., 2008), the impact 
of the latter is still poorly understood (Anker-Nilssen et al., 2023; Barrett et 
al., 2006). Nevertheless, native predators can be a major threat to many taxa 
including seabirds, as they have been assessed to affect nearly 15% of all sea-
bird species (Dias et al., 2019). A case in point is the rapid re-establishment of 
sea eagle Haliaeetus spp. populations in the temperate northern hemisphere, 
which may have severe repercussions on seabird populations in the region 
(Barrett et al., 2006; Hipfner et al., 2012). 

Sea eagle populations have collapsed during the 19th and 20th centuries, 
primarily because of severe human persecution and low reproductive success 
linked with chemical pollutants such as dichlorodiphenyltrichloroethane 
(DDT) and polychlorinated biphenyls (PCBs) (Helander et al., 2002; Hipfner et 
al., 2012). These dramatic declines in sea eagle populations – the white-tailed 
eagle Haliaeetus albicilla in northern Europe and the bald eagle Haliaeetus leu-
cocephalus in North America – even led to local extinctions in several coun-
tries, such as the United Kingdom, Lithuania and Denmark. In Finland, white-
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tailed eagles were on the brink of extinction during the mid-20th century. In 
the 1970s, Norway counted 700-800 breeding pairs, that were evaluated as 
accounting for more than 70% of the remaining northern and central Euro-
pean white-tailed eagle populations (Folkestad, 2000; Hailer et al., 2006; 
Helander, 2000). During this period, several seabird and waterfowl species, 
such as common eiders, thrived, benefiting from relaxed predation pressure. 

Protection efforts, coupled with natural recolonisation and reintroduc-
tion programs – as well as the ban of DDT, PCBs and associated chemicals in the 
1970s –, proved effective in conserving this apex predator and increasing pop-
ulation densities (Hipfner et al., 2012). However, rising white-tailed eagle abun-
dance has been shown to directly and indirectly affect seabird populations (An-
ker-Nilssen et al., 2023; Barrett et al., 2006; Barrett, 2008; Hentati-Sundberg et 
al., 2023; Hipfner et al., 2012). Direct effects include killing of adults, nestlings 
as well as egg depredation by white-tailed eagles (Anker-Nilssen et al., 2023; 
Barrett, 2008; Bregnballe et al., 2022). White-tailed eagle predation attempts, 
by flushing birds away from their nest, have also been shown to widely facilitate 
seabird egg or nestling depredation by other avian predators such as gulls Larus 
spp. crows or ravens corvus spp. (Anker-Nilssen et al., 2023; Bregnballe et al., 
2022). In addition, the mere presence of white-tailed eagles in the vicinity of 
seabird colonies has been linked to a modification of prey behaviour, including 
increased vigilance, changes in foraging or chick provisioning, reduction of 
breeding propensity, abandonment of breeding sites and even relocations 
nearby human settlement (Anker-Nilssen et al., 2023; Barrett et al., 2006; 
Hipfner et al., 2012; Öst et al., 2018).  

In such a context of increasing white-tailed eagle abundance – perhaps 
above historical levels – the potential impact of eagles on seabird populations 
has yet to be assessed, and so is the ability of prey individuals to adapt to such 
rapid change in predation regime. Hence, concern has been raised on whether 
and how seabirds may adapt to rapidly increasing eagle populations, and this 
topic deserves further investigation. In the Finnish archipelago, white-tailed 
eagle diet is largely composed of birds (~70%, Ekblad et al., 2016), with the 
main prey species being the common eider Somateria mollissima (Ekblad et al., 
2016) – also one of the most abundant waterfowl species in this area. The re-
cent increase in white-tailed eagle abundance in Finland and the importance 
of eiders in its diet, combined with overlooked effects of eagles on seabird pop-
ulations, turn predator-prey interactions between white-tailed eagles and 
common eiders into an ideal framework to assess how prey respond to rapid 
changes in predation regime, especially during reproduction – a key life-his-
tory stage driving population dynamics.  
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2. Aims and Scope of the Thesis 
This thesis aims to shed light on the still poorly understood behavioural and 
physiological responses and adaptations of individuals and populations of 
long-lived prey species to a changing predation regime. To date, few studies 
have attempted to separate adaptive plastic responses (i.e., within-individual 
phenotypic variation) from selective processes (i.e., among-individual pheno-
typic variation) in wild populations – especially in a context of fluctuating pre-
dation risk –, since such analyses necessitate large longitudinal datasets cov-
ering a substantial part of the lifespan of study organisms, and are often diffi-
cult to obtain in the wild (Blumstein, 2019). Thus, I relied on a long-term indi-
vidual-based monitoring scheme, a vital tool for the comprehension of pro-
cesses shaping population and individual responses to environmental 
changes, such as variation in predation regime (Clutton-Brock & Sheldon, 
2010; Sheldon et al., 2022). Accordingly, longitudinal individual-based ap-
proaches provide a unique opportunity to simultaneously control for other in-
trinsic and extrinsic factors affecting individual responses.  

In light of the overlooked responses of seabirds to recovering sea eagle 
populations, I investigated whether and how the ongoing change in predation 
regime linked to the recovery of Finnish white-tailed eagle populations – and 
to the occurrence of invasive alien predators (Öst et al., 2018, 2022) – shaped 
breeding common eider behavioural and physiological traits. As a long-lived 
species that can rely on intermittent breeding strategies (Nicol-Harper et al., 
2021), eiders are ideal for studying the life-history trade-off between repro-
duction and survival. I first explored behavioural adaptations to predation 
pressure (I, II, III), before focusing on the effects of predation threat on phys-
iological markers of allostasis and parental effort (IV, V, VI) (Table 1). 

In Chapter I, I investigated intrinsic and extrinsic drivers of risk-taking 
behaviour in breeding females exposed to fluctuating predation threat. Since 
few studies have attempted to separate plasticity and selection of risk-taking 
phenotypes, I specifically tested the mechanisms shaping the prey’s behav-
ioural response to a predation attempt over breeding events. Importantly, 
prey individuals are thought to possess the ability to assess the risk of being 
preyed upon and incorporate prior knowledge of predators into their deci-
sion-making. Thus, I further assessed in Chapter II whether incubating females 
adjusted flight initiation distance when repeatedly exposed to a non-lethal yet 
threatening stimulus – a human approach – over a short period of time (cor-
responding to the last days of incubation). Last, I used capture-mark-recapture 
data in Chapter III to evaluate the temporal trends in three key fitness compo-
nents – survival, breeding propensity and reproductive success – and to shed 
light on the fitness consequences of inter-individual variation in risk-taking 
propensity.   
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In Chapter IV, I investigated the relationship between parental invest-
ment and physiology in incubating female eiders. In this short-term study, I 
aimed to validate the predicted links between circulating blood corticosterone 
and prolactin levels and reproductive investment in the study population. In 
addition, I evaluated the potential effects of fine-scale variation in predation 
risk on these relationships. In light of the results drawn from Chapter IV, I fur-
ther explored the endocrine response to fluctuating predation pressure, using 
over a decade of physiological measurements of baseline corticosterone (V) or 
prolactin (VI) levels. These Chapters integrate state-dependency in hormonal 
responses and assess the link between hormone levels and reproductive suc-
cess. In the last two Chapters of my thesis (V, VI), I thus explored variation in 
baseline corticosterone and prolactin levels as potential mechanisms shaping 
the adjustment of parental investment to fluctuating predation pressure, in or-
der to assess the ability of prey individuals and populations to cope with a 
drastic change in predation regime. 

 
Table 1: Summary of the Chapters. 
 

 
Study 
varia-

ble 

Temporal 
scale of the 

response 
Specific study questions 

I FID(1) Long-term 

How do prey behaviourally respond to increasing 
predation risk and what other factors drive individual 

variation in risk-taking? 
What are the parts played by plasticity and selection 

in such response? 

II FID Short-term Do individuals adjust FID to prior experience when 
repeatedly confronted to a threatening stimulus? 

III FID Long-term What are the lifetime fitness consequences of among-
individual variation in risk-taking? 

IV 
CORT(2) 

and 
PRL(3) 

Short-term How are hormone levels related to parental invest-
ment and predation risk during reproduction? 

V CORT Long-term What drives individual variation in physiology, and 
what are the effects of predation? 

What are the parts played by plasticity and selection? 
What are the lifetime fitness consequences of individ-

ual differences in physiology VI PRL Long-term 

(1) FID: flight initiation distance; (2) CORT: baseline corticosterone levels; (3) PRL: base-
line prolactin levels.  
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3. Material and Methods 
I tested my research hypotheses on a natural population of female common 
eiders Somateria mollissima breeding in Tvärminne archipelago, southwest-
ern Finland, as this species displays female-only parental care. 

3.1. Ecology of the common eider 
The common eider is a circum-
polar sea duck (Figure 3), pri-
marily feeding on mussels 
Mytilus spp. – blue mussels 
Mytilus trossulus in the Baltic 
Sea (Jaatinen et al., 2021) – as 
well as other benthic inverte-
brates including bivalves, crus-
taceans, or echinoderms (Guil-
lemette et al., 1992). As eiders 
often breed at high latitudes, 
where coastal seas are covered 
in ice during winter, they have 
evolved short- and long-dis-
tance migratory strategies, fly-
ing to a more favourable ice-
free habitat during winter. The 
common eider is a long-lived 
species, with a mean life expec-
tancy of 11.8 years, and living 
up to ~25 years (Wood et al., 
2020). In addition, this species 
can rely on intermittent breed-
ing strategies (Coulson, 1984; 
Öst et al., 2018; Nicol-Harper et 
al., 2021). 

Eiders are colonial 
breeders and show high 
philopatry to their natal area (Coulson, 1984; Swennen, 1990), but also to their 
nest site (Öst et al., 2011). Indeed, the average annual breeding dispersal dis-
tance is estimated at 21 m and they rarely settle on a different island to breed 
(Öst et al., 2011). As other species with precocial nidifugous young, eiders ex-
hibit female-only care. During the breeding season, females build a nest on the 
ground, filled with down, and incubate alone. Incubation lasts on average 26 
days (Korschgen, 1977), during which females fast and only leave the nest for 
short recesses (Criscuolo et al., 2000; Tertitski et al., 2021) – in most cases to 

Figure 3: Circumpolar distribution of common ei-
ders Somateria mollissima including breeding (in 
pink) and wintering (in blue) range. Areas were 
breeding and wintering overlap are presented in vi-
olet. Adapted from e-bird wintering and breeding 
areas. 
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drink or as a response to a disturbance. Incubation is thus an energy-demand-
ing period in the life-cycle of an individual, during which females may lose up 
to 46% of their body mass (Parker, 1990).  

Reproduction is a critical period not only because of high energetic 
needs due to fasting and displaying exclusive female care, but also because of 
the increased vulnerability to predators associated with nesting on the ground 
(Ramula et al., 2018; Schüttler et al., 2009). The cryptic plumage of female ei-
ders (Figure 4) is thought to provide a survival advantage by reducing visual 
detection by predators (Langerhans, 2007). Its brown colouration, associated 
with darker patterns, matches the rocky background on which they usually 
nest, as well as the ground or vegetation in forested habitats. Crypsis is also 
maximised through behavioural adaptations contributing to diminish the risk 
of predation, as females often prefer to breed in concealed nest sites, where 
survivorship is enhanced (Ekroos, Öst, et al., 2012). 

 
Figure 4: Pictures of (A) a cryptic female common eider on a concealed nest in the forest 
and (B) a group of conspicuous males courting a female common eider. © B. Mohring. 

3.2. Study area 
The studies of this thesis were conducted in an eider colony of the western 
Gulf of Finland, Baltic Sea, located in the archipelago surrounding Tvärminne 
Zoological Station (59°50′N, 23°15′E). The study area is composed of a set of 
up to 30 monitored islands (Figure 5) characterised by two contrasting habitat 
types: small open granitic islands – mainly covered by bare rocks and sparse 
patches of grasses or juniper Juniperus communis – and larger islands covered 
in pine Pinus sylvestris dominated forest and juniper shrubs. These islands are 
part of a nature reserve where island visits are only allowed for research pur-
poses, limiting human disturbance. 
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Figure 5: Maps showing the location of Tvärminne archipelago (A) in Finland and (B) in 
southwestern Finland. (C) shows the study area and the islands where females were 
trapped and monitored (forested islands in green and open islands in pink). Tvärminne 
Zoological Station is indicated in yellow on all maps. Note that some of the surrounding 
islands are extensively monitored to catch and ring females (allowing the detection of 
potential change in breeding islands). Map tiles by Stamen Design, under CC BY 4.0. Data 
by OpenStreetMap, under CC BY SA. 

3.3. Field methods 

3.3.1. Female eider monitoring 

Trapping female eiders on their nest 

The study eider colony has been extensively monitored since 1990. Between 
mid-May and early June – a period corresponding to the latter phase of the in-
cubation in this eider colony and thus minimizing the risk of nest abandonment 
following disturbance (Bolduc & Guillemette, 2003) – three researchers carry-
ing hand nets covered the monitored islands, walking 2-5m away from each 
other, to detect and catch incubating female eiders. All trapped females were 
ringed with a unique metal ring upon capture (since 1990) as well as a colour-
ring combination allowing identification from a distance (since 2003). 

The researchers attempted to trap all females breeding on the study is-
lands. In the monitored area, female eiders are not ringed as ducklings, but 
when caught incubating for the first time. Hence, because the chronological 
age of females could not be determined, I instead used two – quantitative or 
qualitative – proxies: female minimum years of maternal experience (i.e., the 
number of years since ringing, I, II, V, VI) and female previous breeding expe-
rience (opposing inexperienced breeders caught breeding for the first time to 
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experienced breeders, IV). These proxies are thought to be reliable since fe-
male eiders are philopatric to their breeding site (Öst et al., 2011) and trapping 
success probability is high (mean yearly trapping success of active nests in 
2008-2022 ± SD = 0.68 ± 0.06; range: 0.60-0.77). In addition, trapped individ-
uals were weighed and radius-ulna length was measured as a proxy of struc-
tural size. 

During bird handling, nest coordinates were recorded with a handheld 
Global Positioning System (GPS) device and nest location was marked in the 
field with coloured tape. The number of eggs in the nest was counted and the 
entire clutch was weighed. Clutch size or mass were later used as proxies of 
initial energetic investment in reproduction (I, II, IV-VI). Using egg floatation 
to evaluate incubation stage (Kilpi & Lindström, 1997), I derived laying date 
and predicted hatching date for each clutch, on a basis of 26 days of incubation. 
Because population breeding phenology is likely to vary between years, I also 
calculated a relative laying date, by centring laying date around the yearly me-
dian laying date of the population, to assess whether a given female initiated 
laying earlier or later than yearly median breeding phenology (V). 

Using bird weight, size and incubation stage, I derived two indices of 
body condition: one at trapping (IV-VI) and one at hatching (I, II, IV). The first 
body condition index was obtained by standardising the residuals of a linear 
regression of log-transformed body weight on log-transformed radius-ulna 
length. It corresponded to the instantaneous condition of the female – and as-
sociated body reserves – at the time of handling. However, because eider fast 
during incubation, they steadily lose weight (Criscuolo et al., 2000) and body 
condition at trapping is highly dependent on the number of days spent incu-
bating (i.e., the number of days spent fasting) and does not allow comparison 
of females varying in incubation stage. Consequently, I calculated a second 
body condition index, based on estimated female weight at hatching, to allow 
a comparison of condition and body reserves of individuals sampled at differ-
ent incubation stages. This body condition index has been built and used in 
previous studies carried out on Tvärminne eider population (Öst et al., 2008; 
Öst & Steele, 2010). Based on female weight at trapping, the number of days of 
incubation remaining before hatching, and a daily weight loss rate (derived 
separately for each year, and corresponding to the slope of the linear regres-
sion of log-transformed body mass on log-transformed incubation time and 
projected hatching date), I estimated female weight at hatching. As for the 
body condition index at trapping, the body condition index at hatching was 
obtained by standardising the residuals of a linear regression of log-trans-
formed estimated body weight at hatching on log-transformed radius-ulna 
length. 
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Monitoring reproductive success 

Nests were revisited at predicted hatching date to assess hatching success (0: 
failure, 1: success; III-VI), based on the contents of the nest. Eiders are preco-
cial breeders, and females leave the nest with ducklings within 24 hours of 
hatching (Öst & Bäck, 2003). If ducklings were found in the nest, the breeding 
attempt was considered successful. If no duckling was found in the nest, egg-
shells were examined to assess if ducklings had hatched or if the eggs had been 
depredated. Intact leathery membranes were characteristic of successfully 
hatched eggs, while bloody membranes, small egg pieces or missing eggshells 
indicated depredated eggs. Hatching was considered as successful if at least 
one duckling or one hatched egg was found.  

If ducklings were present in the nest during nest revisit, they were 
weighed, and their tarsus length was measured. Duckling body condition was 
obtained by standardising the residuals of a linear regression of log-trans-
formed body weight against log-transformed tarsus length and used as a proxy 
of offspring quality (IV). Precociality impeded us from monitoring additional 
parameters such as duckling growth, survival, or fledgling success. The anal-
yses were therefore restricted to hatching success or hatched duckling quality. 

Monitoring untrapped females and assessing their breeding status 

While individuals foregoing reproduction are elusive or absent from the breed-
ing areas in many species (Gauthier et al., 2012; Souchay et al., 2014), it is not 
the case for eiders, allowing the monitoring of both breeding and non-breeding 
individuals. Following eider trapping, female eiders were thus monitored at sea 
with spotting scopes on a daily basis (two-six observers between late May and 
late June) to assess survival, breeding propensity and reproductive success of 
untrapped females (III). Colour-ring combinations were read to identify indi-
viduals. In addition, the number of ducklings and adult females accompanying 
the focal female were counted. Female eiders exhibit different parental care 
strategies: rearing their brood alone (‘lone tenders’), pooling their ducklings to 
share brood-rearing duties with other females (forming ‘brood-rearing coali-
tions’ or ‘crèches’), or abandoning their young to others after a short period of 
care (Öst, 1999; Öst et al., 2003). Solitary females without ducklings can also 
momentarily join brood-rearing coalitions (Kilpi et al., 2001). Therefore, fe-
males sighted in brood coalitions were followed until their status could be de-
termined with certainty (Öst et al., 2003). At the end of the monitoring period, 
all observations of colour-ringed females were pooled to assess breeding status 
(breeder vs non-breeder). An individual was considered as skipping breeding if 
it was always seen as solitary – i.e., never seen associated with ducklings – or 
seldomly seen as non-tending, i.e., visiting a crèche. 
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Survival, breeding propensity and hatching success 

In order to build multi-event models incorporating uncertainty in reproduc-
tive success (III), I defined four possible biological states of female eiders in 
the population: successful breeder (SB), failed breeder (FB), non-breeder 
(NB), and dead female (†) (Figure 6). Using the data collected through the on-
land and at-sea monitoring of trapped and untrapped females, observations of 
individually-marked females (i.e., capture-mark-recapture data) were catego-
rised into five different events (i.e., types of observations): 0: female not ob-
served; 1: female identified as a successful breeder (trapped female with nest 
fate known as successful or female seen at sea tending a brood); 2: female 
identified as a failed breeder (trapped female with nest fate known as failed, 
i.e., depredated or abandoned), 3: untrapped female observed at sea and iden-
tified as a non-breeder, 4: trapped female with unknown nest fate (Figure 6). 

 
Figure 6: Diagram of fate of adult female common eiders. The four possible states are 
presented in dark blue, and the five possible events described in orange, with their cor-
responding code. 
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3.3.2. Behavioural and physiological traits reducing the risk of 
predation 
 

Risk-taking propensity 

I used a standardised protocol based on a human approach to measure female 
eider flight initiation distance (FID), a widely used proxy of risk-taking pro-
pensity (Frid & Dill, 2002; Samia et al., 2016; Stankowich & Blumstein, 2005). 
The field team aimed to revisit nests the day preceding hatching to prevent 
any bias due to FID decreasing over the course of incubation (Albrecht & 
Klvaňa, 2004), as well as to limit the risk of nest abandonment or depredation 
due to nest disturbance and prolonged absence of the female from the nest 
(Bolduc & Guillemette, 2003; Stien & Ims, 2016). A researcher approached the 
nest, walking at a constant speed straight towards the focal incubating female 
and measured the distance at which the focal bird initiated escape (Seltmann 
et al., 2012) (I, Figure 7). If flight initiation distance was measured over several 
breeding seasons during a female’s lifetime, the median value was calculated 
as a measurement of individual risk-taking (III, Figure 7). To further assess 
how individuals respond to repeated disturbance and use prior experience to 
adjust their behavioural response during a given breeding season, nests were 
revisited daily to measure FID until the female had left the nest with the duck-
lings (II, Figure 7). 

 
Figure 7: Schematic representation of the standardised measurements of flight initiation 
distance used in the different Chapters, based on a human approach. Chapters I and III 
rely on the first measurement of flight initiation distance during a breeding event, while 
Chapter II uses multiple measurements within a breeding event. 

Baseline corticosterone and prolactin levels 

During handling, trapped females were sampled for blood from the ulnar vein 
(∼1.5 mL) within 3 min following targeted capture on the nest. This ensured 
the obtention of baseline corticosterone (IV, V) and prolactin (IV, VI) levels 
(Angelier et al., 2010; Romero & Reed, 2005). Blood samples were brought 
back to the laboratory and centrifuged to separate blood serum from red cells. 
Centrifuged blood components were stored at −20°C until laboratory analyses. 
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Baseline corticosterone and prolactin levels were later assayed from blood se-
rum by radioimmunoassay at the Centre d’Etudes Biologiques de Chizé 
(CEBC), as previously described (corticosterone: Lormée et al., 2003; Öst et al., 
2020; prolactin: Criscuolo et al., 2002). 

3.3.3. Perceived predation risk 

The main predators of breeding female eiders that can be found in the study 
area are the white-tailed eagle and two invasive alien mammals: the American 
mink Neogale vison (formerly Neovison vison; Patterson et al., 2021) and the 
raccoon dog Nyctereutes procyonoides (Öst et al., 2018). Finnish American 
mink populations derive from individuals that escaped from fur farms (Kau-
hala, 1996), while raccoon dogs were intentionally introduced in Russia for fur 
hunting and naturally dispersed to Finland (Helle & Kauhala, 1991). Whereas 
white-tailed eagle abundance has been increasing over the past decades (Öst 
et al., 2022), American minks and raccoon dogs have been controlled since 
2011 in the study area – thanks to an invasive alien predator removal scheme 
carried out on the study islands as well as some of the surrounding islands 
(Jaatinen et al., 2022). This removal scheme has permitted the maintenance of 
a low abundance of invasive alien predators, although American mink or rac-
coon dog individuals may still occur on some islands and years (Jaatinen et al., 
2022). The ongoing effort to control mammalian predators makes of 
Tvärminne archipelago a distinct area, as these predators are, overall, on the 
rise in other parts of Finland (Nummi et al., 2019; Öst et al., 2018), and pose 
an important threat on duck species in the Nordic countries (Fox et al., 2015). 
Additionally, occasional predation by Eurasian eagle owls Bubo bubo and red 
foxes Vulpes vulpes has been observed in the study area (Ekroos, Öst, et al., 
2012). While these avian and mammalian predators pose a threat to adults, 
they can also consume eider eggs (e.g., after a successful or unsuccessful pre-
dation attempt on the incubating female). However, egg predators such as 
hooded crows Corvus cornix or gulls Larus spp. are present in the study area 
and are the main predators responsible for nest depredation. 

From an ecological perspective, predation risk on nests (hence, on off-
spring) has an indirect cost on breeding individuals, as opposed to predation 
risk on breeding individuals themselves, and may therefore trigger a different 
response (Ghalambor & Martin, 2000; Hua et al., 2014; Malone et al., 2017). 
This raises the need to consider them as separate mechanisms. Additionally, 
since prey respond to various cues of predator presence (Allen et al., 2022; 
Amo et al., 2011; Cockrem & Silverin, 2002) – including visual, auditory or ol-
factory contacts with predators – it is important to consider different metrics 
of predation risk. Therefore, I tested prey behavioural and physiological re-
sponse to indices characterising both predation pressure and perceived risk, 
measured at different spatial scales. First, I evaluated individual nest conceal-
ment based on nest microhabitat (I, VI). Second, I measured indices of 
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predation pressure on adults versus offspring at the scale of islands, based on 
depredation of females and nests (I, II, IV, V). Last, because indices based on 
effective predation events may be biased by prey behavioural or physiological 
compensation (e.g., nest site selection), I measured a yearly index of predator 
abundance and activity at the scale of the entire study area (II, V, VI). 

Nest microhabitat 

Nest concealment (or nest cover), mirroring the amount of vegetation or rocks 
surrounding or covering the nest, was assessed for each nest by taking hemi-
spherical photographs, aiming vertically from the centre of each nest cup. A 
42-mm semi-fisheye lens mounted on an Olympus C-740 digital camera was 
used to take nest cover pictures, covering lateral and vertical nest surround-
ings (Öst & Steele, 2010). The proportion of vegetation or rocks covering the 
nest was extracted and used as a measure of nest concealment. 

Island-specific predation risk indices 

First, I calculated a yearly index of island-specific predation risk on nests. For 
each island and year, this index was calculated by dividing the number of un-
successful breeding attempts at the end of the monitoring by the number of 
nests whose hatching success (success or failure) was known. In addition, 
some females abandoned their nest, or incubated unviable eggs, leading to the 
failure of the breeding attempt. 

Second, I calculated a yearly index of island-specific predation risk on 
adults, by dividing the number of predated females on a given island and year 
by the number of breeding attempts on this island and year . Dead females 
were counted when monitoring islands, and all carcasses were examined to 
assess whether the bird died from a predator attack or another causality (e.g., 
disease). Breeding attempts consisted of nests that had been depredated be-
fore eider monitoring started, active nests, and nests in which ducklings had 
already hatched when female monitoring was carried out. 

Large-scale index of white-tailed eagle abundance 

In order to measure white-tailed eagle activity in the landscape, I relied on a 
yearly index of eagle abundance (hereafter, eagle index, Figure 8). This index 
was calculated as the average daily number of white-tailed eagles sighted at 
Hanko Bird Observatory (HALIAS, 59°49′N, 22°54′E, ca 20km away from the 
study area) between April 1 and June 15 every year, a period corresponding 
to eider breeding season (from the arrival of female eiders at the breeding area 
to the end of reproduction) (Öst et al., 2022). Following the observation pro-
tocol at HALIAS, the number of resident eagles (including both adults and 
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subadults) was counted by one-
six observers during a four-hour 
standardised period beginning 
at sunrise each day (Lehikoinen 
et al., 2008). Since white-tailed 
eagles, and especially non-
breeding individuals, can travel 
long distances to forage (e.g., 
mean home range of non-terri-
torial subadults: 180 km²; May 
et al., 2013), this index is ex-
pected to reflect the temporal 
variation in white-tailed eagle 
abundance or activity in the 
study area, and none of the 
study islands – regardless of its 
isolation and forest cover – is devoid of eagle predation pressure. 

3.3.4. Climatic conditions and food supply 

Climatic conditions experienced during the winter, as well as during the pre-
breeding period, are likely to have carry-over effects on reproductive deci-
sions and performance (Descamps et al., 2010; Steenweg et al., 2022). Eiders 
rely on capital-income breeding strategies (Sénéchal, Bêty, & Gilchrist, 2011), 
meaning that females can use both endogenous reserves stored in the winter-
ing grounds (Parker, 1990) and locally-ingested nutrients (Jaatinen et al., 
2016; Sénéchal, Bêty, Gilchrist, et al., 2011) to produce eggs (Parker, 1990). I 
thus combined indices of winter severity, local meteorological data and an in-
dex of population-level body condition at the start of incubation in a principal 
component analysis (PCA) to summarise annual fluctuations in climatic con-
ditions and body reserves (VI). 

Wintering and pre-breeding environmental conditions 

In order to characterise winter severity, I used the winter North Atlantic Os-
cillation (NAO), a global climatic index. Winter NAO values are positively cor-
related with winter temperature, precipitation and storminess in northern Eu-
rope (Hurrell, 1995; Matulla et al., 2008), and NAO has previously been linked 
to female eider body condition in the subsequent breeding season (Descamps 
et al., 2010; Lehikoinen et al., 2006). 

In addition, I relied on meteorological data collected at Tvärminne Zoo-
logical Station and provided by the Finnish Meteorological Institute (FMI) to 
evaluate weather conditions during eider breeding season. To this aim, I ex-
tracted daily average temperature and sum of precipitation between April 1 
and June 15, a period corresponding to eider breeding season.  

Figure 8: Temporal variation in eagle index (av-
erage daily number of white-tailed eagle obser-
vations at HALIAS between April 1 and June 15 
each year) in 1990-2023. 
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Population-level body condition at the start of incubation 

I also calculated an annual index of population-level body condition at the on-
set of incubation to characterise interannual variability in food supply. This 
index was obtained by averaging a body condition index estimated at the start 
of incubation, calculated for all monitored females on a given year. The calcu-
lation of individual body condition at the onset of incubation resembles that of 
body condition at hatching, except that I added the estimated mass lost during 
the days spent incubating to female weight at capture, instead of subtracting 
the estimated mass lost during the remaining days of incubation. 

3.4. Data analysis 
The statistical analyses were conducted using the software R (I, II, IV-VI), ex-
cept for the capture-mark-recapture analysis in which the software E-SURGE 
and the program U-CARE were used (III). 

Repeatability 

In Chapters I, V and VI, I measured within-individual repeatability in female 
eider behavioural (flight initiation distance) and physiological (baseline corti-
costerone and prolactin levels) traits. Repeatability measures the proportion 
of phenotypic variation that is due to differences between individuals (Bell et 
al., 2009; Nakagawa & Schielzeth, 2010), allowing an assessment of individual 
ability to cope with challenges. A high repeatability value suggests that indi-
viduals are consistent in the expression of their behavioural or endocrine phe-
notype, independently from current individual or environmental context. On 
the contrary, a low repeatability value may reflect high within-individual var-
iation in the trait of interest, low among-individual variation in this trait, 
and/or high measurement error (Schoenemann & Bonier, 2018). 

(Generalised) linear mixed models 

To study variation in risk-taking propensity (flight initiation distance; I, II), 
baseline corticosterone (IV, V) or baseline prolactin (IV, VI) levels in relation 
to a set of predefined intrinsic and extrinsic variables, I implemented general-
ised linear mixed models (GLMMs) with a Poisson error distribution (I), and 
linear mixed models (LMMs) (II, IV-VI). In the models investigating variation 
in reproductive success (IV-VI), I used GLMMs with a binomial error distribu-
tion to fit the nature of the data (binomial distribution, 0: failure, 1: success). 
Individual identity was included as a random effect to account for the pseu-
doreplication of the same individual over the study period (I, II, V and VI). 
Island identity (I, IV) and year (V, VI) were also included as random effects to 
account for the potential non-independence of individuals sampled on the 
same island or during the same breeding season. Model selection was 
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performed according to Akaike's Information Criterion corrected for small 
sample sizes (AICc; Burnham & Anderson, 2002).  

Separation of within- and among-individual effects 

One of the main goal of the studies was to assess the relative contributions of 
phenotypically plastic responses or individual-specific evolutionary fixed re-
sponses, respectively, in shaping prey response to fluctuating predation risk 
(van de Pol & Wright, 2009). When analysing long-term datasets – in which 
the same individual is sampled several times over changing individual or en-
vironmental conditions – I thus relied on a within-subject centring approach 
(Figure 9, van de Pol & Wright, 2009) to separate the effects of within- and 
among-individual variation in explanatory variables on flight initiation dis-
tance (I) and corticosterone (V). This method was not employed for the anal-
ysis of prolactin data (VI) because of the low within-individual repeatability of 
prolactin levels. Following the within-subject centring method, each selected 
explanatory variable was partitioned into its within- and among-individual 
components. The within-individual component shows how each repeated ob-
servation of the individual deviates from the individual’s mean – suggesting 
individual plasticity – and is calculated by mean-centring values around indi-
vidual means. The among-individual component shows how each individual 
differs from the population mean – highlighting the non-random distribution 
of phenotypes – and corresponds to the mean value for each individual.  

 
Figure 9: Illustration of the different scenario of variation in within- and among-individ-
ual effects. The slopes of the within-individual effect (βwithin) are depicted with thin light 
blue lines for five individuals, and the slope of the among-individual effect is depicted 
with a thick medium blue line. The different cases include (A) similar within- and among-
individual effects, (B) among-individual effects only, (C) within-individual effects only, or 
(D) a combination of within- and among-individual effects. The figure is adapted from 
van de Pol and Wright, 2009. 
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Multi-event capture-mark-recapture model 

I built a multi-event capture-mark-recapture model (MECMR; Pradel, 2005) to 
investigate variation in survival, breeding propensity and breeding success in 
relation to individual risk-taking (III), using observational data including indi-
viduals with uncertain breeding success on one or more occasions. The model 
considered the four states (SB, FB, NB and †) and five events associated with 
these states previously described (see 3.3.1 and Figure 6). Relying on the 
MECMR model, I modelled the transition of females in state i at time t to state 
j at time t+1 by estimating the following demographic parameters: initial state 
probability (probability that an individual is in state s when first encountered 
at time t), apparent survival probability (probability that an individual alive at 
time t survives until time t+1), transition probability of remaining or becoming 
a breeder at time t+1 (i.e., breeding probability), breeding success probability, 
recapture probability (probability that an individual in state s at time t is en-
countered at time t) and assignment probability (probability that the state of 
an individual is observed given that it is in state s at time t and encountered at 
time t). Females were initially caught breeding on the islands. Therefore, the 
probability of being encountered for the first time as a breeder (B) was fixed 
to 1, and initial state could be SB or FB.  

I first verified that the data met model assumptions by performing good-
ness-of-fit tests. Then, I followed a step-down approach (Lebreton et al., 1992) 
to select the model with the lowest Akaike’s information criterion adjusted for 
overdispersion and small sample size (QAICc; Burnham & Anderson, 2002) as 
the ‘best’ initial model. More specifically, I tested for state-dependency 
(breeder or non-breeder) in survival, breeding propensity and reproductive 
success (III). After model selection, I tested for (1) temporal variation in sur-
vival, breeding propensity and reproductive success, (2) a link between these 
demographic parameters and flight initiation distance during (2a) the entire 
study period and (2b) three consecutive time periods differing in predation 
pressure. 
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4. Results and Discussion 
In this dissertation, I used a long-term individual-based monitoring of breed-
ing female common eiders facing a drastic change in predation pressure to 
shed light on the overlooked impact of recovering populations of native avian 
predators on seabirds. I improved our understanding of prey behavioural (I-
III) and physiological (IV, VI) responses to fluctuating predation threat. Spe-
cifically, I showed that prey adjusted their behaviour to the risk of predation, 
both within (II) and among breeding events (I), with consequences of interin-
dividual variation in risk-taking phenotypes on fitness (III). I also found that 
prey physiological traits were plastic (V-VI). Increasing predation risk was as-
sociated with a downregulation of baseline corticosterone levels (IV-V) – pos-
itively correlated with reproductive investment – while elevated baseline pro-
lactin levels – associated with parental effort – promoted hatching success un-
der constraining environmental (e.g., rising predation threat) or internal state 
(V). Overall, concomitantly accounting for variation in predation risk, but also 
in internal state and other environmental variation is key to assessing the abil-
ity of prey populations to cope with a changing environment and persist in 
disrupted ecosystems. 

4.1. Population-level changes over the study period 

4.1.1. A fluctuating predation regime 

The rapid recovery of sea eagle populations can be regarded as one of the most 
remarkable conservation achievements of our time (Hipfner et al., 2012; Stier 
et al., 2016), and this large-scale predation regime shift was apparent for all 
predation risk indices in my thesis. Over the 15-year study period, I observed 
a temporal increase in eagle index (Figure 10A) – a proxy of white-tailed eagle 
abundance and activity –, that was accompanied by an increase in island-spe-
cific predation risk on adult female eiders (Figure 10B) and their nests (Figure 
10C). Interestingly, despite the proximity of the study islands, predation risk 
on adults and nests was additionally subject to spatial variation during the 
study period (I). 
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Figure 10: Temporal increase in (A) yearly eagle index (mean daily number of white-
tailed eagles during the breeding season of common eiders), (B) island-specific adult pre-
dation risk and (C) island-specific nest predation risk over the study period (2008-2022). 
Dots correspond to yearly estimates and bars account for standard errors. Regression 
lines and their 95% confidence interval are presented in orange. 

Increasing predation risk on adults reflects rising predation pressure 
from white-tailed eagles, as well as occasional occurrence of invasive alien 
predators such as American minks or raccoon dogs – despite the eradication 
scheme started in 2011 (Jaatinen et al., 2022) – whereas increasing nest pre-
dation risk reflects predation pressure from both primary predators of adults 
(i.e., eagles, minks or raccoon dogs) and opportunistic egg predators (i.e., 
crows or gulls). Since invasive alien predators are regulated (Jaatinen et al., 
2022), gull populations are declining (Hario & Rintala, 2016; Hermansson et 
al., 2023; Langlois Lopez et al., 2023) and crow populations are likely to be 
stable, including in the study area (Hermansson et al., 2023), increasing nest 
predation risk is likely driven by recovering white-tailed eagles and their dis-
turbance effect on seabird colonies (Hentati-Sundberg et al., 2023; Hipfner et 
al., 2012). Indeed, through successful or unsuccessful predation attempts on 
incubating adults, eagles offer egg specialist predators an opportunity to pre-
date on nests in the absence of the parent (Hentati-Sundberg et al., 2021; 
Mehlum, 1991; Swennen et al., 1993).  

Overall, the ongoing change in predation regime creates a major ecolog-
ical change for the study eider population and, more generally, for seabirds. 
Such a rapid recovery of local white-tailed eagle populations is likely to exert 
top-down control on prey populations (e.g., altering breeding phenology and 
synchrony or fledgling production; Öst et al., 2022) that exceeds the influence 
of other environmental drivers, such as abiotic climatic variation (Öst et al., 
2022). Since organisms are thought to cope with challenging conditions 
through the modification of morphological, behavioural, physiological or life-
history traits (Jacobs & Wingfield, 2000; Sheriff & Thaler, 2014; Wingfield et 
al., 2011), this change in predation regime is predicted to lead to plastic re-
sponses and phenotypic selection, as I detail in the chapters below. 
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4.1.2. Temporal trends in female fitness 

Demographic parameters such as survival rate, breeding propensity and re-
productive success are key to understanding population dynamics (Lebreton 
& Clobert, 1991; Wilson et al., 2016), especially because a slight decrease in 
adult survivorship or reproductive success may have long-lasting effects on 
population growth rate (Lebreton & Clobert, 1991). In addition, breeding pro-
pensity is considered to be among the least-understood reproductive param-
eters shaping annual productivity in iteroparous species (Nicol-Harper et al., 
2021; Reed et al., 2004). Interestingly, I found that female survival and repro-
ductive success were stable during 2008-2022, despite the changing predation 
regime (III, Figure 11A and Figure 11C). In the meantime, breeding propensity 
decreased (III, Figure 11B), likely reflecting a life-history response to reduce 
the risk of predation on incubating females, since individuals are more vulner-
able to predators during reproduction (Ekroos, Öst, et al., 2012; Lima, 2009; 
Magnhagen, 1991; Ramula et al., 2018). 

In accordance with other eider populations, adult survival probability 
was high (estimate, E = 0.85, III; mean adult survival rate across several eider 
populations: 0.87; Nicol-Harper et al., 2021). As expected from a long-lived 
species with a high annual survival rate, adult survival seemed canalised 
against temporal fluctuations (Gaillard & Yoccoz, 2003; Sæther & Bakke, 
2000), remaining constant over the study period despite increasing predation 
pressure. However, breeding propensity decreased over the study period. Av-
erage breeding propensity was estimated at 0.61. This value is below the one 
measured by a recent examination of breeding propensity across eider popu-
lations (0.72; Nicol-Harper et al., 2021), although still fitting estimates from 
various eider populations (ranging from 0.45 to 0.92; Nicol-Harper et al., 2021, 
2023). Such a drop in breeding propensity likely reflects a response to the cur-
rent extreme predation regime in the study area, especially given that engag-
ing in reproduction is associated with higher vulnerability to predators (Mag-
nhagen, 1991). This finding thus underlines the key role of intermittent breed-
ing strategies as a response to increasing predation pressure. Indeed, by de-
creasing breeding propensity under high predation risk, females may balance 
the cost and benefits of engaging in reproduction during the current year, en-
hancing their own survivorship and postponing reproduction to engage in fu-
ture breeding opportunities when conditions become favourable. This may 
overall translate into a maximisation of survival and offspring production. In 
agreement with this idea, hatching success was also buffered against temporal 
fluctuations. In addition, as reproduction is associated with higher vulnerabil-
ity to predators (Candolin, 1998; Magnhagen, 1991), skipping breeding may 
enhance survivorship. However, a high incidence of non-breeding correlates 
with low offspring production, which may have significant and long-term ef-
fects on demography, as illustrated by the temporal decrease in fledgling 
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production (Öst et al., 2018), recruitment (Öst et al., 2018), and the ageing of 
the pool of breeding females in the study area (I, Öst et al., 2022). 

 
Figure 11: Temporal variation in female common eider (A) survival, (B) breeding 
propensity and (C) hatching success over the study period (2009-2022). Dots correspond 
to yearly estimates and bars account for yearly confidence intervals (CI). Breeders and 
non-breeder combined are presented in medium blue in (A) and (C), while breeders are 
presented in dark blue and non-breeders light blue in (B). Regression lines are presented 
for the significant temporal trends with their 95% confidence intervals. The figure is 
adapted from Chapter III, and only includes females with known flight initiation 
distance. 

Noteworthy, these results may be confounded by methodological cave-
ats. Indeed, it is important to note that breeding propensity in our population 
may be slightly underestimated as breeding failure prior to the onset of mon-
itoring may lead to erroneous categorisation of failed breeders as non-breed-
ers (cf., III). Consequently, the observed temporal decrease in breeding pro-
pensity may additionally mask a temporal increase in nest failure, supported 
by the known temporal decrease in fledgling production (Öst et al., 2018). Ac-
cordingly, a reduction of breeding propensity or reproduction success could 
equally lead to a reduction of overall fitness in the population.  

Additionally, and non-exclusively, variation life-history decisions may 
reflect changes in individual quality. Indeed, I found that an individual skip-
ping one reproductive event had a higher chance of also skipping the following 
one (mean breeding probability: breeder, E ± SE = 0.57 ± 0.02; non-breeder, E 
± SE = 0.34 ± 0.03, III) and a lower survival probability (mean survival proba-
bility: breeder, E ± SE = 0.88 ± 0.01; non-breeder, E ± SE = 0.81 ± 0.02, III). 
Increasing predation risk could thus select against lower-quality individuals. 
Supporting the idea of among-individual differences in individual quality 
(Hanssen et al., 2003, 2022), female body condition is repeatable within indi-
viduals (I, Jaatinen & Öst, 2011), and so is hatching success (Öst & Steele, 2010) 
in the study area. The absence of a temporal decrease in adult survival or 
hatching success despite increasing predation pressure on adults and their 
nests suggests that eiders can, at least to a certain extent, compensate for such 
risk and adjust their behaviour, physiology or life-history decisions. These 
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intriguing results hence raise the need for a better understanding of the mech-
anisms driving adjustment of breeding decisions and breeding investment un-
der a changing predation regime.  

4.1.3. Changes in female nest site, state and clutch size 

Interestingly, eider nest site preferences have changed over the past decades, 
at both macro- and microhabitat scales. Indeed, while eiders used to predom-
inantly nest on the open rocky islands of the outer archipelago, there are now 
more common close to mainland and on forested islands. This large-scale 
change in breeding habitat preferences is thought to reflect predator-induced 
selection processes, especially due to higher breeder mortality and low repro-
ductive success on these open islands (Ekblad, 2022; Ekroos, Öst, et al., 2012; 
Kurvinen et al., 2016). In addition, at the microhabitat scale, nest concealment 
steadily increased over the study period (I, Figure 12A). In light of the high 
within-individual repeatability of nest cover (I, R ± SE = 0.71 ± 0.02), this also 
suggests selective processes by visually hunting white-tailed eagles, especially 
when considering that survival is higher on forested islands (Ekroos, Öst, et 
al., 2012). In addition to variation in nest microhabitat, clutch size decreased 
between 2009 and 2022 (I, Figure 12B). This finding is in agreement with the 
life-history prediction that an increase in predation risk should favour de-
creased investment in current reproduction (Eggers et al., 2006; Travers et al., 
2010; Zanette et al., 2011). The response to increasing predation risk may thus 
have taken a subtle form, being reflected in a population-level decrease in fe-
cundity (through clutch size reduction, I) rather than in lower hatching suc-
cess (III). Additionally and non-exclusively, this finding could also be linked to 
an increase in partial nest depredation by egg-eating predators (Erikstad et al., 
1993; Öst et al., 2008). 

In accordance with a previous study carried out on this eider population 
(Öst et al., 2022), body condition of breeding females increased over the study 
period (I, Figure 12C). Two non-mutually exclusive hypotheses could explain 
this trend. First, as female body condition and survival are positively corre-
lated (Ekroos, Öst, et al., 2012) and as female body condition is repeatable 
within individuals (I, R ± SE = 0.48 ± 0.04; Jaatinen & Öst, 2011), selective dis-
appearance of individuals in overall poorer condition under elevated preda-
tion risk could explain this trend. This hypothesis follows the state-dependent 
safety model (Luttbeg & Sih, 2010), yielding the prediction that individuals in 
good condition are less likely to be killed by predators. Second, given the ob-
served population-level decrease in breeding propensity (III) and considering 
the energetic cost of fasting during incubation (with females losing up to 46% 
of their body mass; Parker, 1990), females in poor condition may opt to skip 
breeding when risks outweigh benefits. The finding of a coincident ageing of 
the pool of breeding females (I, Figure 12D; Öst et al., 2022) is in agreement 
with this idea. Under elevated predation pressure, only females with low 
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residual reproductive value (e.g., older ones) may choose to engage in repro-
duction under high predation risk, leading to an apparent population ageing. 
Younger ones may either refrain from engaging in reproduction or fail or aban-
don their breeding attempt at an early incubation stage. Additionally and non-
exclusively, the ageing of the population could result from a decrease in re-
cruitment, in particular through a decrease in offspring productivity (Öst et al., 
2022) or a reduction of first-year survival (Tjørnløv et al., 2019). While data 
supporting the latter is currently lacking, evidence from the study area sug-
gests that the survival rate of ducklings during the first weeks of their life is 
extremely low due to elevated predation pressure from groups of white-tailed 
eagles (Öst et al., 2018, 2022).  

 
Figure 12: Temporal variation in female common eider (A) nest cover, (B) clutch size, (C) 
body condition index (at hatching) and (D) minimum age over the study period (2008-
2023). Dots correspond to yearly estimates and bars account for standard errors. Re-
gression lines and their 95% confidence interval are presented in (A) green and (B-D) 
brown. Adapted from Chapter I. 

These observations, coincident with a changing predation regime, sug-
gest that non-exclusive mechanisms such as plasticity (e.g., in nesting habitat 
or clutch size) and natural selection (e.g., on breeding habitat, female age or 
condition) are likely to occur in the study population. The temporal trends in 
population-level age, body condition or breeding habitat may explain some of 
the observed variation or consistency in demographic parameters over the 
study period. In particular, the increase in nest concealment, concurrent with 
the rise in predation pressure, may compensate the potential decrease in 
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survival associated with higher predator abundance, as females breeding un-
der vegetation cover also have higher chances of survival (Ekroos, Öst, et al., 
2012). Additionally, older females or those in better condition are predicted 
to display higher reproductive investment (Curio, 1983), therefore increasing 
the probability of successful hatching of the clutch (Proaktor et al., 2007). The 
temporal increase in age and body condition may thus compensate potential 
negative effects of increasing predation pressure on hatching success. To im-
prove our understanding of the proximate and ultimate mechanisms driving 
prey response to increasing predation risk, I further explored plastic pheno-
typic adjustments and selective processes in behaviour (flight initiation dis-
tance) and physiology (baseline corticosterone and prolactin levels). 

4.2. Behavioural response reflected in variable risk-tak-
ing propensity 
An increase in predation risk 
should decrease prey risk-taking 
propensity (Berger et al., 2007; 
Cooper Jr et al., 2009), especially in 
long-lived individuals that are pre-
dicted to favour survival over re-
production (Roff, 1993; Stearns, 
1992). Intriguingly, however, I 
found that population-level flight 
initiation distance slightly but sig-
nificantly decreased over the 
study period (2008-2019) (I, Fig-
ure 13), mirroring an increase in 
risk-taking. This trend was even 
stronger when extending the 
study period until 2023 (Figure 
13). This intriguing result can be 
explained by the state-depend-
ency of flight initiation distance 
and particularly by concurrent 
changes in age and body condition 
of breeding females (see 4.2.1).  

In addition, individual risk-taking propensity was significantly repeata-
ble (repeatability, R ± SE = 0.40 ± 0.05). This moderate value is at the lower 
end of published repeatability estimates, classically comprised between 0.34 
and 0.88 (Cabrera et al., 2017; Carrete & Tella, 2010; de Jong et al., 2021; 
Møller & Garamszegi, 2012; Seltmann et al., 2012; Strong et al., 2017). Im-
portantly, it gives way to both potential within-individual plasticity in 

Figure 13: Temporal variation in population-
level female common eider flight initiation dis-
tance (FID) during incubation in 2008-2023. 
Estimates in 2020 and 2021 are unreliable as 
only a selection of older females were sampled. 
Consequently, these years were not included in 
the computation of the temporal trend and 
yearly population-level FID. Dots correspond 
to yearly estimates and bars account for stand-
ard errors. The regression line and its 95% 
confidence interval are presented in blue. 
Adapted from Chapter I. 
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antipredator behaviour and individual natural selection on fixed average risk-
taking behaviour. 

4.2.1. Risk-taking propensity and individual characteristics 

Older females were more prone to take risks (i.e., displayed shorter flight ini-
tiation distances) than younger ones (I; Figure 14). As the pool of breeding 
females has been ageing over the study period (I; Öst et al., 2022), population-
level variation in age are likely to translate into a population-level reduction 
of flight initiation distances. The positive association between female age and 
risk-taking was found to be driven by plasticity, as females flexibly reduced 
flight initiation distance as they aged. The observed age-dependent adjust-
ment of risk-taking is in agreement with the ‘restraint hypothesis” (Curio, 
1983), stating that older breeders should be more prone to take risks to invest 
in current reproduction as they grow older and their residual reproductive 
value diminishes (due to scarcer opportunities for future reproduction). This 
theory is indeed supported by numerous studies (Candolin, 1998; Clark, 1994; 
de Jong et al., 2021; Moschilla et al., 2018). 

Could this response be explained by a gradual dampening of antipreda-
tor response as incubating females gain experience and learn that approaching 
humans are harmless instead? Resolution of this question preferably requires 
repeated measurements of risk-taking behaviour collected in the short-term 
to circumvent potential age effects. To this end, I investigated the response of 
females subject to repeated daily human approaches during the last days of 
incubation (II). Females did not consistently habituate – i.e., reduce flight ini-
tiation distance – when confronted with repeated approaches, but rather 
tended to sensitise (II) – i.e., advance escape. Importantly, individuals exhib-
ited different responses, ranging from habituation (i.e., progressive decrease 
in flight initiation distance) to sensitisation (i.e., progressive increase in flight 
initiation distance), and including an absence of modification of the antipreda-
tor response (i.e., constant flight initiation distances over approaches) (II). As 
it is unlikely that incubating females would habituate to humans over a long 
period of time (years) but not over a short period of time (days), these findings 
refute the hypothesis of consistent habituation of individuals to humans as 
they age and gain experience with the intimidating but harmless researchers. 
However, despite the absence of generalised habituation, older females and 
those in better condition were more prone to habituate to short-term disturb-
ance (II), a result thought to reflect a higher investment in the current breed-
ing event. 

Moreover, females in better condition were more willing to take risks 
(i.e., displayed shorter flight initiation distances, I; Figure 14). Intriguingly, 
this response was not associated with flexible adjustments of flight initiation 
distances to individual body reserves, but with a predominance of risk-taking 
females with good body condition in the population. As female body condition 
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– estimated at hatching to allow comparison of individuals independently 
from incubation stage – was repeatable within individuals (I), this result sug-
gests high interindividual variation in quality, which could be an important 
determinant of risk-taking behaviour. Individuals that are healthier or in bet-
ter condition tolerate closer approaches from predators (Kenward, 1978; Mar-
tín et al., 2006), as also supported by this thesis (I). Good body condition may 
also be associated with enhanced flight ability and higher chances of success-
fully escaping from a predator attack (the ‘state-dependent safety model’; 
Luttbeg & Sih, 2010; Tablado & Jenni, 2017). Indeed, females that are overall 
in poorer body condition may be more likely to reach phase III of fasting, dur-
ing which the atrophy of flight muscles is increasingly observed (Cherel et al., 
1988), which may conceivably impair flight performance during predator at-
tacks. Risk-avoiding females in poorer condition may thus be more prone to 
skip breeding – notably due to lower survival probability (Ekroos, Öst, et al., 
2012) – and prioritise self-maintenance over investment in reproduction. 

The negative association between age, body condition and flight initia-
tion distance, coincident with a temporal ageing and increase in body condi-
tion of the pool of breeding females, may therefore explain the observed slight 
downward trend in flight initiation distance – mirroring a temporal increase 
in population-level risk-taking. 

4.2.2. Risk-taking propensity and predation risk 

Even though I did not find evidence of a population-level predator-induced de-
crease in risk-taking (i.e., an overall increase in flight initiation distance), the 
investigation of individual-level responses revealed that females still reduced 
risk-taking under higher predation threat (I). Indeed, female eiders responded 
to rising predation risk by increasing flight initiation distance (I; Figure 14), a 
result in agreement with previous studies (Berger et al., 2007; Cooper Jr et al., 
2009; Zamora-Camacho et al., 2018). 

Importantly, this thesis provides among the first evidence that the 
mechanisms shaping behavioural responses to increasing predation risk can 
depend on the target of predators: incubating females or their eggs. Accord-
ingly, individuals flexibly adjusted their flight initiation distance to the per-
ceived risk of predation on themselves (island-specific adult predation risk) 
but not on their nest, by increasing flight initiation distance when nesting on 
an island with higher adult predation risk (I). Such a plastic response towards 
increasing threat on adults is in agreement with life-history trade-offs (Wil-
liams, 1966), as long-lived parents – whose high survival is thought to be can-
alised against environmental fluctuations – should preferentially display flex-
ibility in responses enhancing their own survivorship, rather than that of their 
offspring (Gaillard & Yoccoz, 2003; Hamel et al., 2010). On a short-term basis, 
incubating females confronted with repeated human approaches during a 
breeding event also adjusted their behaviour over encounters. However, when 
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nesting in a more dangerous environment, they were instead more prone to 
habituate to repeated exposure to a non-life-threatening stimulus (II). At first 
sight, this result seems contradictory to the long-term (i.e., over breeding sea-
sons) adjustments of flight initiation distances in response to variation in pre-
vailing predation risk. However, it is important to remember that a human ap-
proach, although stressful, is not life-threatening, as opposed to a real preda-
tion attempt. Thus, in risky environments, associated with high chronic stress, 
prey individuals are thought to benefit from dampening their stress sensitivity 
to benign cues, in order to maintain investment in the current breeding event 
(the ‘risk allocation hypothesis’; Ferrari et al., 2009). This leads to a waning of 
antipredator responses to repeated harmless stimuli, mirrored through short-
term habituation, and potentially reducing the risk of reproductive failure due 
to excessive flightiness (Sirot, 2010). 

In addition, females displaying on average longer flight initiation dis-
tances were predominant on islands with high nest predation risk (I), suggest-
ing the occurrence of selective processes on risk-taking phenotype. Breeding 
on open, conspicuous, nest sites – where the risk of predation is higher 
(Ekroos, Öst, et al., 2012; Öst et al., 2018) – was also associated with longer 
flight initiation distances (I), and sensitisation to repeated human approaches 
(II). On the contrary, females breeding in concealed nest sites tolerated a 
closer approach before fleeing (I) and were more prone to display short-term 
habituation (II), likely benefiting from the crypsis and protection offered by 
vegetation cover. Such habitat-dependent strategies suggest that eiders may 
be able to assess the effectiveness of their crypsis and adjust their flight deci-
sions accordingly (Cooper & Sherbrooke, 2010). As higher stress sensitivity 
(associated with risk-avoidance or sensitisation) has previously been linked 
with a lower risk of nest depredation under high predation pressure on open 
habitats (Jaatinen et al., 2014), the progressive sensitisation of flight re-
sponses on open islands is likely adaptive. Further investigation showed that 
females did not adjust their behaviour to the degree of concealment of their 
nest, but rather settled in microhabitats matching their behavioural profile – 
consistent with the ‘personality-matching hypothesis’ (Holtmann et al., 2017). 
Accordingly, there was a predominance of individuals displaying short flight 
initiation distances in concealed nests and no evidence for within-individual 
plastic adjustment of behavioural response to varying nest microhabitat. The 
finding that females tended to settle in similar nest sites over breeding at-
tempts – as there was low within-individual variance in nest cover over years 
(I) – also strengthens the idea that individuals may show preferences for spe-
cific features of their nesting sites.  

Overall, these findings contribute to improving our understanding of ad-
justments of a behavioural antipredator response to a fluctuating predation 
regime, by highlighting a predation-induced reduction of risk-taking at the in-
dividual level. In addition, they shed light on the importance of considering the 
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effects of both within- and among-individual variation in predation risk on 
adults and offspring in shaping individual risk-taking propensity. 

4.2.3. Risk-taking propensity and fitness  

Although flight initiation distance was not highly repeatable within individu-
als (I), it was still repeatable enough to be implemented in multi-event cap-
ture-mark-recapture models. I thus investigated the association between indi-
vidual risk-taking (flight initiation distance) and fitness components (survival, 
breeding propensity and reproductive success) in Chapter III. There, I as-
signed lifetime median flight initiation distance as a fixed value of risk-taking 
to each female whose flight initiation distance had been measured during the 
study period. 

It is predicted that phenotypic variation is maintained in a population 
because it represents different ways of solving life-history trade-offs (Wolf & 
Weissing, 2010). Therefore, I predicted that risk-avoiding females would pri-
oritise survival over reproduction, while risk-taking females would put a 
greater emphasis on the current breeding event. Contrary to this expectation, 
risk-avoiding females (displaying longer flight initiation distances) were, 
overall, characterised by a tendency towards lower breeding success proba-
bility, but also a tendency towards lower survival rate and a reduced breeding 
propensity (III; Figure 14). This result suggests that individuals displaying 
longer flight initiation distances have a lower fitness than individuals display-
ing longer flight initiation distances, perhaps because they are of lower quality. 
Intriguingly, such difference in fitness value did not translate into a selective 
disappearance of risk-averse individuals from the population, as my results 
only indicate a mild population-level increase in risk-taking over the study pe-
riod (I). However, by considering the context-dependency of these relation-
ships, I was able to shed light on these seemingly counterintuitive findings, as 
variation in predation risk modified the association between life-history traits 
(in particular survival rates) and individual risk-taking. 

Indeed, under relaxed predation pressure (i.e., during the first years of 
the study, 2009-2013), risk-avoiding females bred less often than risk-taking 
females and tended to have a higher hatching success but had a lower sur-
vival probability (III). Given that risk-avoiding phenotypes have been asso-
ciated with lower body condition or breeding experience (I), this likely re-
flects the higher cost of reproduction on low-quality or inexperienced fe-
males, leading to lower survival and breeding propensity. Risk-averse indi-
viduals may thus only engage in reproduction under favourable environmen-
tal conditions to maximise reproductive output, resulting in a tendency to-
wards higher reproductive success. Interestingly, this pattern was reversed 
under higher predation pressure (i.e., during the last years of the study, 
2018-2022) as risk-avoiding phenotypes tended to have a lower hatching 
success than risk-taking ones (III). This last result is in line with predicted 
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life-history trade-offs (Williams, 1966), as it suggests that risk-avoiding in-
dividuals favour their own survivorship over that of their offspring. Yet, 
while breeding propensity was still lower in individuals displaying longer 
flight initiation distances (likely postponing reproduction to breed if intrin-
sic or extrinsic conditions are more favourable), survival appeared inde-
pendent from risk-taking under high predation threat (III). In spite of their 
lower-quality (associated with reduced survival), females displaying longer 
flight initiation distances may perform better at escaping predation than 
those displaying shorter flight initiation distances under elevated predation 
pressure. Overall, the fitness costs and benefits of the different phenotypes 
(in a gradient of risk-taking) may converge to an equilibrium, explaining the 
absence of strong phenotypic selection in the population (although a mild 
increase in risk-taking was observed through a population-level decrease in 
flight initiation distance, I).  

 
Figure 14: Summary of the predictors of variation in female common eider flight initia-
tion distance (over breeding attempts) and lifetime fitness consequences of among-indi-
vidual variation in flight initiation distance (i.e., in risk-taking). Positive associations are 
depicted with medium blue arrows are negative associations are presented in orange. 
Significant effects are presented with plain arrows and nearly significant results with 
dashed arrows. Corresponding Chapters are indicated in orange. To simplify, only gen-
eral fitness consequences (over the entire study period, independently from the changing 
predation regime) are presented. 
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4.3. Physiological responses to predation risk mediated 
by baseline corticosterone 
Over the study period (2009-2022), 
the increase in predation pressure was 
accompanied by a decrease in popula-
tion-level baseline corticosterone lev-
els (V, Figure 15). Baseline corti-
costerone levels were significantly but 
weakly repeatable within individuals 
(R ± SE = 0.16 ± 0.03), in accordance 
with other studies (reviewed in 
Schoenemann & Bonier, 2018; Taff et 
al., 2018). This result suggests a low de-
gree of consistent among-individual 
differences and underlines that base-
line corticosterone levels may be 
highly plastic and context-dependent 
(Jaatinen et al., 2013; Schoenemann & 
Bonier, 2018; Taff et al., 2018).  

4.3.1. Baseline corticosterone and reproductive investment: vali-
dation of the corticosterone-adaptation hypothesis 

In agreement with the ‘corticosterone-adaptation hypothesis’ (Bonier et al., 
2009), I highlighted positive correlations between baseline corticosterone lev-
els of incubating female eider and reproductive investment (IV, V; Figure 16). 

To begin with, although clutch weight and size explained a small percentage 
of the variance in baseline corticosterone levels, the relationship between clutch 
size and baseline corticosterone levels was significant (IV, V). Female baseline 
corticosterone levels were positively associated with clutch weight (IV) and size 
(V). Clutch weight or size is correlated with reproductive value (Hanssen et al., 
2022) as well as initial energetic investment in reproduction (Hanssen et al., 
2003; Jaatinen et al., 2013). Given that elevated baseline corticosterone levels can 
be positively related to incubation commitment (Ouyang, Muturi, et al., 2013) and 
nestling quality (Bonier et al., 2011; Rivers et al., 2017), this link between corti-
costerone and clutch size or weight suggests that females displaying higher base-
line corticosterone levels make a higher investment in the current breeding event. 
Importantly, and in agreement with this idea, individual females showed a plastic 
increase in baseline corticosterone levels when incubating larger clutches 
(within-individual effect, V). Additionally but non-exclusively, this elevation of 
baseline corticosterone levels could mirror the higher allostatic load or metabolic 
cost of incubating a larger clutch (Jimeno et al., 2020; Tinbergen & Williams, 2002; 
Williams, 1996) and maintaining an optimal incubation temperature for embryo 

Figure 15: Temporal variation in popula-
tion-level female common eider baseline 
corticosterone levels (2009-2022). Dots cor-
respond to yearly estimates and bars ac-
count for standard errors. The regression 
line and its 95% confidence interval are pre-
sented in blue. Adapted from Chapter V. 
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development (Erikstad & Tveraa, 1995). The remaining unexplained variance af-
ter accounting for the effect of clutch size (or weight) in predicting baseline corti-
costerone levels suggests that other intrinsic or extrinsic variables drive baseline 
corticosterone levels. 

Indeed, female baseline corticosterone levels were also positively corre-
lated with age and breeding experience (IV, V), paralleling results from previ-
ous studies (Angelier, Shaffer, et al., 2006; Carlitz et al., 2022). Importantly, 
this response was explained by a within-individual increase in baseline corti-
costerone levels with ageing, followed by a decrease in corticosterone levels 
in the oldest breeders. There is ample evidence that reproductive performance 
increases with age and experience before declining at very old ages (Angelier, 
Shaffer, et al., 2006; Angelier, Weimerskirch, et al., 2007; Bowen et al., 2006; 
Lemaître & Gaillard, 2017; Noreikienė et al., 2021). Likewise, this result sug-
gests physiological senescence in corticosterone levels – a response only sel-
dom demonstrated by studies carried out in the wild (but see Angelier, Shaffer, 
et al., 2006). 

4.3.2. Baseline corticosterone and predation risk 

Following the predictions of the ‘corticosterone-adaptation hypothesis’ (Bonier 
et al., 2009) regarding the link between corticosterone and environmental chal-
lenges, increasing predation pressure was associated with decreasing baseline 
corticosterone levels (Figure 16). My short-term study, based on one year of 
data, showed that females incubating on islands characterised by elevated nest 
predation risk displayed lower baseline corticosterone levels than females 
breeding on safer islands (IV). The long term-study, based on 14 years of data, 
supported and even refined these results. Females indeed displayed lower base-
line corticosterone levels when breeding on open islands characterised by 
higher island-specific adult predation risk, and increasing abundance of white-
tailed eagles (at the scale of the entire study area) was associated with a de-
crease in female baseline corticosterone levels (V). 

Further investigation suggested that observed endocrine responses to in-
creasing predation pressure were driven by flexible adjustments of baseline cor-
ticosterone levels to the risk of predation, rather than phenotypic selection. As 
for the assessment of behavioural responses to predation (I), females showed 
plasticity in responses promoting their own survival, rather than that of their off-
spring. This is in line with the life-history trade-off predicting that long-lived spe-
cies with higher residual reproductive value should prioritise survival over re-
production (Gaillard & Yoccoz, 2003; Hamel et al., 2010; Williams, 1966). 

4.3.3. Baseline corticosterone and fitness 

The significant but low within-individual repeatability of baseline corti-
costerone levels (R ± SE = 0.16 ± 0.03) suggests flexibility in individual base-
line corticosterone levels. Consequently, it does not appear relevant to 
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characterise female eiders in our study populations by their average baseline 
corticosterone level. Therefore, the low within-individual repeatability of 
baseline corticosterone levels did not allow me to rely on multi-event capture-
mark-recapture models – with fixed individual covariates – to investigate the 
association between individual corticosterone levels and fitness components 
(as in III). I thus restricted my analyses to exploring the link between hatching 
success and baseline corticosterone levels. 

Baseline corticosterone levels were positively associated with fitness, as 
hatching success was higher for females characterised by elevated baseline 
corticosterone levels (V; Figure 16). This result is, once again, in line with the 
‘corticosterone-adaptation hypothesis’ (Bonier et al., 2009). It also corrobo-
rates the notion that elevated baseline corticosterone levels can mediate an 
increase in reproductive investment to maximise reproductive success 
(Béziers et al., 2020; Crossin et al., 2013; Fischer et al., 2020; Ouyang, Sharp, 
et al., 2013; Riechert, Becker, et al., 2014). The absence of a link between re-
productive success and corticosterone in the short-term analysis (IV) was 
likely due to the lower statistical power of a one-year analysis (n = 148 in 
2013), as opposed to a long-term study (n = 1422 in 2009-2022). 

Interestingly, however, a within-individual increase in baseline corti-
costerone levels over breeding seasons did not result in an increase in hatching 
success. The latter was instead driven by among-individual differences in baseline 
corticosterone levels (V). A similar among-individual effect was found when in-
vestigating laying date, as females breeding on average earlier also exhibited 
higher baseline corticosterone levels. This is in line with previous studies provid-
ing evidence for earlier initiation of reproduction in higher-quality females (Catry 
et al., 2017; Verhulst & Nilsson, 2008), or females laying larger clutches 
(Descamps et al., 2011; Perrins, 2008). Baseline corticosterone levels may there-
fore also, to a certain extent, reflect among-individual variation in individual qual-
ity or reproductive investment in incubating eiders, with some females consist-
ently performing better than others (Öst & Steele, 2010). 

Overall, baseline corticosterone were positively associated with ener-
getic investment in reproduction or hatching success and negatively associ-
ated with predation pressure. The population-level decrease in baseline corti-
costerone levels over the study period might thus reflect a reduction of repro-
ductive investment in this context of changing predation regime. However, 
one may ask why such potential temporal reduction of parental investment – 
mediated by decreasing baseline corticosterone levels – was not accompanied 
by a temporal decrease in population-level hatching success. Concomitant 
changes in other physiological (e.g., metabolism) or behavioural (e.g., person-
ality) traits may also affect hatching success, independently from corti-
costerone levels. Although important, corticosterone may therefore not cap-
ture all the components of parental effort, potentially explaining why baseline 
corticosterone levels are not tightly linked to hatching success. 
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Figure 16: Summary of the predictors of female common eider baseline corticosterone 
levels during incubation and their fitness consequences. Positive associations are de-
picted with medium blue arrows are negative associations are presented in orange. Cor-
responding Chapters are indicated in orange. 

4.4. Context-dependent variation in baseline prolactin in 
response to predation 
My thesis is among the first longi-
tudinal studies to explore the asso-
ciation between baseline prolactin 
levels and predation risk, using 
longitudinal data of a wild popula-
tion (VI). Prolactin is traditionally 
viewed as promoting parental ef-
fort (Angelier et al., 2016). Given 
that prey individuals should re-
duce parental effort under elevated 
predation risk (Candolin, 1998; 
Malone et al., 2017), a predicted re-
sponse consistent with the tem-
poral decrease in baseline corti-
costerone levels (V), the lack of a 
population-level decrease in base-
line prolactin levels is, at first sight, 
surprising (VI). Indeed, and 

Figure 17: Temporal variation in population-
level female common eider baseline prolactin 
levels in 2012-2022. Dots correspond to yearly 
estimates and bars account for standard er-
rors. The regression line and its 95% confi-
dence interval are presented in blue. Adapted 
from Chapter VI. 
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contrary to this prediction, baseline prolactin levels showed high interannual 
variability, and followed an upward trend over the study period (2012-2022) 
(VI, Figure 17). I believe that understanding the state- and context-depend-
ency in the association between prolactin and fitness is key to resolving this 
complex variation (Figure 18). In addition, within-individual repeatability of 
baseline prolactin levels was significant but low (R ± SE = 0.07 ± 0.03). Such a 
value suggests that individuals are highly flexible in their baseline prolactin 
levels. 

4.4.1. Baseline prolactin and parental effort 

Iteroparous species often show an increase in breeding performance with age 
(Forslund & Pärt, 1995). Among non-exclusive factors explaining this trend 
are optimisation of reproductive effort, age-related improvements of compe-
tence and the progressive (dis)appearance of phenotypes (Forslund & Pärt, 
1995). In agreement with this idea and with previous findings (Angelier, Shaf-
fer, et al., 2006; Riechert et al., 2012; Smiley & Adkins-Regan, 2016; Ziegler et 
al., 1996), middle-aged females displayed higher baseline prolactin levels (VI). 
Importantly, the physiological senescence highlighted when exploring age-de-
pendent variation in baseline corticosterone levels (V) extended to baseline 
prolactin levels, as baseline prolactin levels decreased in the oldest breeders 
(VI). Among the few studies assessing physiological senescence patterns in 
wild birds during reproduction, Angelier, Shaffer, et al. (2006) highlighted se-
nescence in baseline corticosterone but not prolactin levels in wandering al-
batrosses Diomedea exulans and found the opposite pattern in black-browed 
albatrosses Thallasarche melanophris (i.e., senescence in baseline prolactin 
but not corticosterone levels; Angelier et al., 2007). In light of these results, 
these studies are among the first to provide evidence of simultaneous senes-
cence in baseline corticosterone and prolactin levels in breeding individuals 
(V-VI). 

Furthermore, poor female condition during incubation was associated 
with low baseline prolactin levels, and this relationship was exacerbated dur-
ing years of unfavourable climatic conditions (poor winter and pre-breeding 
conditions, associated with low food quality or availability, VI). Although de-
bated (Angelier, Moe, et al., 2009; Angelier et al., 2013), this negative correla-
tion between body condition and prolactin levels is supported by several stud-
ies (Riechert et al., 2012; Schmid et al., 2011), notably in seabirds relying on 
prolonged fasting periods (Criscuolo et al., 2006; O’Dwyer et al., 2006; Grosco-
las et al., 2008; Angelier & Chastel, 2009). Indeed, poor-condition individuals 
are likely to reduce parental care to the benefit of their survivorship (Grosco-
las et al., 2008; Ledwoń et al., 2023; Wiggins et al., 1994). As baseline prolactin 
levels is thought to govern parental effort, this decrease in parental invest-
ment may be mediated by variation in prolactin levels. 
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4.4.2. Baseline prolactin and predation risk 

In most species, individuals downregulate circulating prolactin levels when 
facing acute stress (Chastel et al., 2005; Gratto-Trevor et al., 1991; Ruiz-Raya 
et al., 2018). An identical downregulation of prolactin secretion could be ex-
pected in individuals confronted with chronic stress – such as increasing pre-
dation pressure or poor environmental conditions (reviewed in Angelier & 
Chastel, 2009; Angelier et al., 2016). This is because parents are predicted to 
reduce reproductive effort under high predation risk to enhance their own 
survival (Candolin, 1998; DeWitt et al., 2019; Malone et al., 2017). 

Unexpectedly, and contrary to these a priori expectations, I found that 
baseline prolactin levels were higher – rather than lower – in females incu-
bating on islands characterised by higher nest predation risk (IV). Since ei-
ders are intermittent breeders and predation risk increases the probability 
of skipping breeding (Öst et al., 2018), it is possible that selective disappear-
ance of poor-quality breeders may confound inference from the cross-sec-
tional pattern. For instance, under high predation risk, only females exhibit-
ing high parental effort (associated with high prolactin levels) could choose 
to engage in reproduction, while females less invested in reproduction would 
opt to skip breed. However, the low within-individual repeatability of base-
line prolactin levels (VI) does not align with this idea, as it suggests that fe-
males are highly flexible in their baseline prolactin levels. Accordingly, selec-
tion on among-individual variation in prolactin levels is unexpected. Fur-
thermore, the longitudinal study of baseline prolactin levels under fluctuat-
ing predation pressure did not support the hypothesis of a direct link be-
tween baseline prolactin levels and any of the studied predation risk indices 
(VI). Yet, by investigating the link between baseline prolactin levels and 
hatching success, I provided evidence for an indirect relationship between 
prolactin levels and environmental conditions – including predation pres-
sure. 

4.4.3. Context-dependent association between baseline prolactin 
levels and fitness 

As for corticosterone, the assessment of the link between prolactin levels and 
fitness was restricted to the association between female baseline prolactin 
levels and hatching success. The low within-individual repeatability of base-
line prolactin levels over years rendered irrelevant the characterisation of 
individual female eiders from the study population by their average baseline 
prolactin levels. I thus tested whether there was a positive association be-
tween baseline prolactin and hatching success – consistent with its putative 
role in mediating parental care (Angelier, Clément-Chastel, et al., 2009; 
Angelier et al., 2013; Chastel et al., 2005; Crossin et al., 2012; Riou et al., 
2010; Wang et al., 2020). Contrary to expectations, successful breeders did 



4. Results and Discussion 

58 
 

not exhibit higher baseline prolactin levels (IV and VI). Elevated baseline 
prolactin levels instead seemed to promote hatching success under con-
straining intrinsic or environmental conditions (VI; Figure 18). 

Accordingly, elevated baseline prolactin levels were associated with 
higher hatching success in young breeders (VI). High baseline prolactin lev-
els may enhance incubation behaviour in young birds, that have little breed-
ing experience, therefore increasing their chances of successfully breeding. 
Additionally, elevated baseline prolactin levels may be beneficial when incu-
bating a large clutch (VI), associated with high energetic demands (Tinber-
gen & Williams, 2002; Williams, 1996). Baseline prolactin levels were also 
positively associated with higher hatching success under challenging envi-
ronmental conditions, including years of high white-tailed eagle abundance 
and years of poorer climatic conditions and low eider body reserves at the 
start of incubation (VI). Such a context-dependent link between baseline 
prolactin levels and reproductive success could explain the negative associ-
ation between prolactin and hatching success that was found in Chapter IV. 
Since individuals displaying low baseline prolactin levels are more likely to 
neglect their eggs (Angelier et al., 2015) or abandon their nest or offspring 
(Chastel & Lormée, 2002; Groscolas et al., 2008; Spée et al., 2010, 2011), 
maintaining high baseline prolactin levels when incubating under poor envi-
ronmental conditions may be beneficial by enhancing the investment in cur-
rent reproduction. For instance, parents displaying higher baseline prolactin 
levels may return to their nest and resume incubation more quickly than 
those with lower levels following a disturbance (e.g., Angelier, Clément-
Chastel, et al., 2009). Population-level interannual fluctuation in baseline 
prolactin levels, and in particular the observed upward trend, might thus re-
flect degrading environmental conditions in the study area, but perhaps also 
in the wintering grounds, deserving further investigation. 
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Figure 18: Summary of the predictors of female common eider baseline prolactin levels 
during incubation and their fitness consequences. Positive associations are depicted with 
medium blue arrows. Corresponding Chapters are indicated in orange. 

5. Conclusions and perspectives 
5.1. Significance of the results 

5.1.1. Behavioural and physiological responses to increasing pre-
dation pressure 

In my thesis, I investigated prey population- and individual-level responses to 
increasing predation pressure from both a short-term (II, IV) and a long-term 
perspective (I, III, V, VI). I specifically focused on the monitoring of behav-
ioural (flight initiation distance, I-III) and physiological (baseline corti-
costerone and prolactin levels, IV-VI) traits, by repeatedly sampling individual 
traits and fitness outcomes in a context of changing predation regime. The 
comprehensive and long-term data collection was not restricted to the focal 
behavioural and physiological variables of this thesis. It also included a moni-
toring of intrinsic characteristics (e.g., female age, body condition or clutch 
size) and extrinsic parameters (e.g., nesting microhabitat and fine- and large-
scale predation pressure), which allowed a good understanding also of the 
changes occurring in some of these other factors. 

At the population scale, the temporal increase in predation pressure – 
reflected in rising predator abundance and predation on adult eiders and their 
nest – was correlated with a decrease in flight initiation distance (I) and base-
line corticosterone levels (V), and a slight increase in baseline prolactin levels 
(VI). At first glance, these results may appear contradictory, as they mirror a 
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temporal increase in risk-taking (flight initiation distance), decrease in repro-
ductive investment (baseline corticosterone levels, according to the ‘corti-
costerone-adaptation hypothesis’; Bonier et al., 2009) and increase in parental 
effort (baseline prolactin levels). Understanding other concomitant changes 
occurring in the population – notably temporal trends in female age, body con-
dition or nest cover – as well as individual-level responses to variation in other 
intrinsic and extrinsic factors, was key to interpreting these findings. 

Moving from population-level responses to exploring the plasticity of in-
dividual responses, I found that females adjusted behavioural (flight initiation 
distance, I) and physiological (baseline corticosterone levels, V) traits to pre-
vailing predation risk, amplifying or dampening behavioural and physiological 
responses, respectively, under increasing risk of predation. At the individual 
level, females reduced risk-taking when breeding in dangerous nest sites (I). 
In such an environment, they were also more likely to rely on prior experience 
with a threat to dampen their behavioural stress response when repeatedly 
confronted with a harmless stimulus (here, a human approach, II) over a short 
period of time (i.e., the last days of incubation). While the long-term (i.e., over 
breeding seasons) increase in risk-avoidance associated with increasing pre-
dation pressure (I) is likely an adaptive response favouring individual survi-
vorship, the short-term (i.e., within a breeding season) habituation to repeated 
human approaches under elevated predation risk (II) suggests that individu-
als are able to differentiate ‘real’ life-threatening stimuli (i.e., predation at-
tempts) from stressful but non-life-threatening human disturbance. In line 
with the ‘risk allocation hypothesis’ (Ferrari et al., 2009), this short-term hab-
itation is thought to limit excessive flightiness to benign stimuli that could 
jeopardise reproduction. In addition to behavioural responses, breeding un-
der higher predation risk was associated with a plastic among-year downreg-
ulation of baseline corticosterone levels (V), interpreted as mediating a de-
crease in energetic investment in reproduction. 

Over breeding attempts, the finding that eiders plastically reduce risk-
taking (i.e., increase flight initiation distances, I) as well as energetic invest-
ment in reproduction (mediated by a downregulation of baseline corti-
costerone levels, V) when nesting under increasing predation risk is in line 
with the life-history trade-off between survival and reproduction (Williams, 
1966). This theory predicts that parents would reduce their investment in re-
production under predation pressure, to the benefit of their own survivorship. 
In further support of this theory (Williams, 1966), during the recent years of 
high predation pressure (2018-2022), females displaying longer flight initia-
tion distances (i.e., risk-avoiding individuals) were characterised by lower re-
productive success and breeding propensity but higher survival (III). Risk-
avoiding phenotypes thus seemed to prioritise survival – and prospects of in-
vestment in future reproduction – over current reproduction. In addition, fe-
males displaying higher baseline corticosterone levels had a higher hatching 
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success (V). The temporal decrease in population-level baseline corti-
costerone levels may thus correlate with a decrease in energetic investment in 
reproduction. This decrease could be mediated by a downregulation of base-
line corticosterone levels and coincide with increasing predation pressure. 
Surprisingly, despite this likely reduction of energetic investment in reproduc-
tion, I did not detect any decrease in population-level hatching success over 
the study period (III). Several concurrent changes occurring in the population 
could buffer the negative impact of increasing predation pressure on breeding 
females, such as increasing breeding experience associated with the ageing of 
the pool of breeding females (I), increasing body condition of breeders (I) or 
nest concealment (associated with a lower risk of predation, I). Additionally, 
and non-exclusively, I also provide evidence for a concomitant increase in 
highly plastic baseline prolactin levels – positively associated with parental 
care behaviour (VI). Accordingly, females displaying higher baseline prolactin 
levels had a higher hatching success probability during years of challenging 
environmental conditions, and especially during years of high predation pres-
sure (VI).   

The three traits of interest – flight initiation distance, baseline corti-
costerone and baseline prolactin levels – provided contrasting, yet comple-
mentary, insights on prey adjustment of behaviour, physiology and how indi-
viduals solve life-history trade-offs in a changing world. Most responses to in-
creasing predation pressure were underpinned by plastic responses (I, II, V, 
VI), but selective disappearance effects were also found when investigating 
individual variation in risk-taking (I, III). This thesis underlines the need to 
couple population- and individual-level analyses to better understand pro-
cesses shaping observed variation in traits of interest (Cam et al., 2002).  

5.1.2. Age-dependent responses and senescence 

My thesis supports the idea that chronic or acute stress is often associated 
with a reduction of reproductive effort (DeWitt et al., 2019; Malone et al., 
2017; Mutzel et al., 2019), or even a complete suppression of reproduction 
(III; Dulude-de Broin et al., 2020; Mappes et al., 1998; Ruxton & Lima, 1997). 
This response is generally considered as an adaptive response to maximise in-
vestment in reproduction under low stress or mild predation risk (Ruxton & 
Lima, 1997). However, individuals may gain an advantage in maintaining re-
production under stressful conditions as they grow older and their residual 
reproductive value decreases (Wingfield & Sapolsky, 2003). In agreement 
with this idea, also known as the ‘restraint hypothesis’ (Curio, 1983), older fe-
male eiders engaging in reproduction were more prone to take risks (i.e., dis-
played shorter flight initiation distances, I), and were also more likely to ha-
bituate to short-term repeated exposure to a stressful but non-life-threatening 
stimulus (II). In addition, they displayed higher baseline corticosterone levels 
(IV-V) – a proxy of energetic investment in reproduction – and higher baseline 
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prolactin levels (VI), a proxy of parental effort (Angelier et al., 2016). Alto-
gether, these results support the theory of increased reproductive investment 
and associated breeding performance with ageing in this species (Forslund & 
Pärt, 1995; Lemaître & Gaillard, 2017; Moschilla et al., 2018). 

Importantly, in iteroparous species, reproductive performance often in-
creases during the first breeding attempts, before peaking or reaching a plat-
eau at an intermediate age, and this pattern is followed by a decrease in breed-
ing performance at old age, when reaching the onset of senescence (Angelier, 
Weimerskirch, et al., 2007; Forslund & Pärt, 1995; Sharp & Clutton-Brock, 
2010). The findings of my thesis suggest that the age-dependent increase in 
reproductive performance may be limited by physiological senescence at old 
age, perhaps associated with an effect of accumulated costs of previous breed-
ing attempts on secretion of corticosterone (V; Angelier, Shaffer, et al., 2006) 
or prolactin (VI; Angelier et al., 2007). 

5.2. Towards stress-coping strategies?  
Do studied behavioural and physiological traits covary and form a gradient of 
individual stress-coping strategies in incubating female eiders? Despite the ex-
istence of phenotypic plasticity, it is now admitted that animal behaviour and 
physiology are less flexible than previously thought (Sih, Bell, & Johnson, 
2004; Wolf et al., 2007). As a result, individuals may consistently differ in a 
suite of correlated traits such as boldness, aggressiveness, exploration or 
stress sensitivity (Koolhaas et al., 1999; MacKay & Haskell, 2015; Montiglio et 
al., 2018; Wolf & Weissing, 2010). These consistent differences among individ-
uals are predicted to be maintained across contexts (Bell, 2007; Sih, Bell, & 
Johnson, 2004), and the measurement of individual-level behavioural and 
physiological traits enables the determination of coping styles (Koolhaas et al., 
1999) – also sometimes referred to as personalities (Réale et al., 2010) or 
temperaments (Réale et al., 2007; Réale & Festa-Bianchet, 2003). The pace-of-
life syndrome theory – initially confined to an interspecific scale and later ex-
panded to intraspecific and intrapopulation scales (Ricklefs & Wikelski, 2002; 
Van De Walle et al., 2023) – has been proposed as a framework integrating 
covariation in behaviour, physiology and life-history traits (Dammhahn et al., 
2018; Montiglio et al., 2018; Réale et al., 2010).  

Following this theory, individuals are predicted to be scattered along a 
fast-slow life-history continuum. On the one end of this continuum, ‘fast’ indi-
viduals are predicted to prioritise reproduction over survival. They are often 
characterised by risk-taking, explorative or aggressive behaviour, as well as a 
low stress sensitivity. On the other end, ‘slow’ individuals prioritise survival 
over reproduction, and are predicted to be shier, less risk-taking, explorative 
or aggressive, and more sensitive to stress. This led me to consider whether 
such a fast-slow continuum is also present in female eiders. Based on the pace-
of-life syndrome theory, I predicted that ‘fast’ life histories would be 
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characterised by greater risk-taking propensity (i.e., shorter flight initiation 
distances), and higher baseline corticosterone and prolactin levels (mirroring 
higher emphasis on reproduction). 

To this end, I did an extended analysis exploring among-individual cor-
relations in the three traits of interest (flight initiation distance, baseline cor-
ticosterone and prolactin levels), based on the data included in my thesis. This 
analysis relied on a multivariate mixed model – controlling for covariates of 
importance identified in Chapters I, V and VI (e.g., female age, body condition, 
nest cover and predation risk indices). This preliminary analysis revealed a 
weak but positive among-individual correlation between female flight initia-
tion distance and baseline corticosterone levels (E ± SE = 0.34 ± 0.11, 95% 
credible interval, CI = (0.14, 0.55); Figure 19A) and negative among-individual 
correlation between flight initiation distance and baseline prolactin levels (E 
± SE = - 0.28 ± 0.14, 95% CI = (-0.57, -0.01); Figure 19B). There was no among-
individual correlation between baseline corticosterone and prolactin levels (E 
± SE = 0.03 ± 0.16, 95% CI = (-0.28, 0.35); Figure 19C). 

 
Figure 19: Among-individual correlation between incubating female eider (A) log-trans-
formed baseline corticosterone levels and flight initiation distance, (B) baseline prolactin 
levels and flight initiation distance and (C) log-transformed baseline corticosterone lev-
els and baseline prolactin levels. The contours delimit regions of probabilities from 0.1 
(darkest colour; 10% of estimated values around the mean estimate contained within it) 
to 0.9 (lightest colour; 90% of estimated values contained within it), corresponding to 
joint posterior distributions obtained from a multivariate model. 

Among-individual elevation of baseline corticosterone levels was associ-
ated with risk-aversion, while high baseline prolactin levels correlated with 
risk-taking. The positive association between prolactin and risk-taking is con-
sistent with the pace-of-life syndrome, as risk-taking individuals are expected 
to prioritise reproduction (I) and because prolactin acts as a mediator of in-
creased parental effort (VI; Angelier et al., 2016). In agreement with this idea, a 
previous study highlighted shorter flight initiation distances and higher off-
spring protection in willow ptarmigans Lagopus lagopus displaying elevated 
baseline prolactin levels (Pedersen, 1989). In contrast, the negative correlation 
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between corticosterone and risk-taking is challenging to reconcile with the 
pace-of-life syndrome, given that elevated baseline corticosterone levels are as-
sociated with increased reproductive investment and success (IV, V). However, 
the observed positive correlation between baseline corticosterone levels and 
flight initiation distance is in agreement with the results previously drawn from 
a meta-analysis carried out at the interspecific scale (Tablado et al., 2021). Cir-
culating corticosterone levels are thought to prepare an individual for coping 
with future stressful situations (Sapolsky et al., 2000), and this can include a 
preparative effect on antipredator behavioural responses (Herr et al., 2017; 
Tablado et al., 2021; Thaker et al., 2009). Possibly, the enhanced preparative ef-
fect could be a physiological candidate mechanism underlying state-dependent 
safety (Luttbeg & Sih, 2010), i.e., that individuals in superior condition, typically 
highly committed to reproduction, possess superior escape abilities. In line with 
this idea, female eiders in good body condition have better survival prospects 
than their poor-condition counterparts (Ekroos, Öst, et al., 2012). Additionally, 
and non-exclusively, stress-induced corticosterone levels, rather than baseline 
corticosterone levels, may be more closely related to risk-taking (Baugh et al., 
2017). Thus, as the next step, I recommend further exploring the relationship 
between stress-induced corticosterone and flight initiation distance. 

Given the correlation between physiological and behavioural traits, the 
lack of correlation between female eider baseline corticosterone and prolactin 
levels is, at first glance, surprising. Indeed, several studies support the idea of 
significant positive or negative relationships between corticosterone and pro-
lactin levels (reviewed in Angelier et al., 2013). However, these associations do 
not seem consistent across species, as some studies provide evidence for a sig-
nificant association while others do not (Paterlini et al., 2017; reviewed in An-
gelier et al., 2013). The results obtained here indeed parallel previous findings 
on eiders (Criscuolo et al., 2006). Such a lack of association between these two 
physiological variables may arise from the fact that baseline corticosterone and 
prolactin levels reflect different components of reproduction. Indeed, baseline 
corticosterone may reflect energetic investment (IV, V), while prolactin levels is 
associated with parental effort and the expression of parental behaviours (IV, 
VI). 

Overall, these results provide low support for the pace-of-life syndrome 
theory at the individual level, by joining mixed findings on the relationship be-
tween behavioural and physiological traits (Garamszegi et al., 2012; Montiglio 
et al., 2018), and supporting the conclusions of the meta-analysis conducted by 
Royauté et al. (2018). Pace-of-life syndromes may indeed be better supported 
across species, rather than with species or populations (Van De Walle et al., 
2023). Importantly, the traits of interest may be highly plastic, and individuals 
may differ in plasticity. Indeed, while risk-taking was moderately repeatable 
within individuals (I), it was not the case for baseline corticosterone and prolac-
tin levels – that were significantly but lowly repeatable (V, VI). The choice of the 
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study variables could thus have a role to play in the observed correlations be-
tween behavioural and physiological traits, and integrating additional traits 
could enable a better understanding of observed correlations. For instance, 
stress-induced glucocorticoid or prolactin levels, rather than baseline levels, 
may be related to behaviours associated with risk-taking (Baugh et al., 2012, 
2017; Seltmann et al., 2012) or parental care (Hope et al., 2020). 

5.3. Implications for conservation 

5.3.1. Implications for the conservation of eider populations 

Throughout the past decades, the declining Baltic/Wadden Sea flyway popu-
lation of eiders has invoked attention and raised concern. Currently, common 
eiders are listed as endangered in Europe (Birdlife International, 2021). Sev-
eral non-exclusive drivers of this decline have been proposed, with variable 
support in different segments of the population distribution (Ekroos, Fox, et 
al., 2012; Lehikoinen et al., 2022; Tjørnløv et al., 2020). Nevertheless, few long-
term studies prior to my thesis work have evaluated the extent of behavioural 
and physiological responses to predation risk, a prime putative driver of the 
population decline (Öst et al., 2022). Such knowledge is a vitally important 
prerequisite for successful management and for assessing the population’s re-
silience to a changing predation regime.  

My thesis provides evidence that the underlying mechanisms shaping 
eider behavioural and physiological responses to increasing predation threat 
may differ. Overall, plasticity seems to shape most of the responses, such as 
the adjustment of behavioural stress response to predation threat within and 
among breeding seasons (I, II), or the flexible reduction of baseline corti-
costerone levels under increasing predation risk (V). In addition, selective 
processes were found to underpin the behavioural response to predation 
threat (III). These findings support the general idea that predation risk effects 
are likely more important than predator-consumptive effects in explaining 
trait evolution (Creel & Christianson, 2008; Nelson et al., 2004; Pangle et al., 
2007; Preisser et al., 2005). While flexible behavioural and physiological ad-
justments may prove adaptive against rising predation risk, it is still uncertain 
whether they will enable eiders to adjust their phenotype to the new optimum 
induced by the change in predation pressure. Further work is thus still needed 
to assess the resilience of eider populations to a rapidly changing predation 
regime. 

The efficient ongoing alien predator removal scheme – maintaining low 
abundance of invasive mammalian predators (Jaatinen et al., 2022) – provided 
the opportunity to primarily evaluate the responses of eiders to the recovery 
of white-tailed eagles. Depredation of adults or nests by invasive mammalian 
predators was nonetheless included in the calculation of island-specific indi-
ces of predation risk to monitor the overall risk of predation. However, the 
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presence of mammalian predators on islands is often accompanied with a re-
duction of breeding propensity or density of waterfowl (Jaatinen et al., 2022; 
Nordström et al., 2002), hence inducing a methodological bias by limiting the 
probability of sampling these individuals. Nevertheless, it is primordial to 
acknowledge that the low invasive predator abundance around Tvärminne 
does not reflect the situation in other areas of the Baltic Sea, as predation pres-
sure induced by American minks and raccoon dogs is likely to be increasing in 
Finland (Nummi et al., 2019; Öst et al., 2018) and still spreading elsewhere in 
Europe (Bonesi & Palazon, 2007; Vada et al., 2023), posing a threat to many 
waterfowl species (Fox et al., 2015; Holopainen et al., 2021). In my thesis, I 
showed that eiders were more prone to habituate to repeated human ap-
proaches on islands characterised by high predation risk (II). If this response 
generalises not only to humans, but also to other terrestrial mammalian pred-
ators, this could increase the vulnerability of ground-nesting species to alien 
mammal predators. Further work is thus needed to assess adjustments of an-
tipredator behaviour to taxonomically diverse predators. 

Importantly, adaptations to some predators may not prove effective 
against others. For instance, nesting under thick vegetation cover may be 
adaptive against visually-hunting predators like eagles, but not against mam-
malian predators, that rely on olfactory cues. Given that nesting under thick 
vegetation cover will likely hinder escape upon predator detection (Öst & 
Steele, 2010), a change in breeding habitat may lead to an ecological trap if 
invasive mammals become abundant. Similar maladaptive responses to taxo-
nomically diverse predators may be found in the northern parts of eider dis-
tribution range, where ground-nesting birds face a climate-induced increase 
in egg depredation by polar bears (Prop et al., 2015). Whereas in these areas, 
incubating female eiders protect their clutch from gull depredation by staying 
on the nest or exhibiting defensive behaviour, these responses are not effec-
tive against bears, that could easily devour an adult that would not leave its 
nest. Due to the novelty of this predator on an ontogenetic time scale, eiders 
may not have yet evolved appropriate responses to cope with bear-induced 
predation risk, which translates into high or extremely high nest failure at the 
scale of entire colonies (Jagielski, Dey, Gilchrist, Richardson, Love, et al., 2021; 
Jagielski, Dey, Gilchrist, Richardson, & Semeniuk, 2021). This further strength-
ens the need for multi-colony studies evaluating the cumulative effect of pre-
dation risk by diverse native and non-native predators and the ability of eiders 
to cope with different types of predation pressure (Hanifin et al., 2008).  

In order to be able to propose and implement relevant and accurate con-
servation measures to protect eider populations during the breeding season, 
it is thus essential to acknowledge that, although drastic, shifts in predation 
regimes are not the only factors affecting eider – and more generally seabird – 
populations. To predation, one can add numerous stressors such as climate or 
habitat change, reduced food availability or quality, oil spills and other 
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pollutants, hunting pressure, disease outbreaks or bycatch in fishing gear, and 
some of these pressures are still to be evaluated (Fox et al., 2015; Lehikoinen 
et al., 2022; Tjørnløv et al., 2019). These multiple stressors can act in concert, 
with additive or synergetic effects on individuals and populations (Bårdsen et 
al., 2018; Sih, Bell, & Kerby, 2004). In addition, it is vital to consider that com-
mon eiders are migratory, and that migrating decisions (e.g., phenology of mi-
gration and location of wintering areas) may have carry-over effects on sur-
vival and reproduction. Virtually nothing is known about whether and to what 
extent individual eider migrating strategies may differ, especially in response 
to variation in risk-taking or physiological state. The first step of this work is 
to correctly evaluate movements between breeding and wintering areas as 
well as population exchanges in the Baltic/Wadden Sea flyway (Lehikoinen et 
al., 2022), for example through the tagging of individuals with geolocating de-
vices. 

5.3.2. Implications for seabird conservation 

On a global scale, seabirds are considered one of the most threatened bird 
groups, and about half of seabird species are suspected to be declining (Croxall 
et al., 2012; Dias et al., 2019). In the meantime, sea eagle populations are rap-
idly recovering in the northern hemisphere (Hipfner et al., 2012). A few stud-
ies document direct and indirect effects of this increase in native avian preda-
tor abundance (this thesis; Anker-Nilssen et al., 2023; Barrett, 2008; Barrett 
et al., 2006; Hentati-Sundberg et al., 2023; Hipfner et al., 2012), but the extent 
to which they affect seabird populations and communities is still undocu-
mented – especially for white-tailed eagles.  

As top predators, eagles have the potential to shape marine food-web 
structure (Harvey et al., 2012), especially by acting on trophic cascades 
(Heithaus et al., 2008; Terraube & Bretagnolle, 2018). The importance of sea ea-
gles in shaping ecosystem processes and community structures stresses out the 
need to monitor white-tailed and bald eagle population dynamics – and espe-
cially assess whether they are reaching carrying capacity. Whereas seabirds 
may buffer – to some extent – the negative impact of rising eagle populations 
through behavioural, physiological or life-history adaptations (as supported by 
this thesis), these responses are sometimes insufficient and local populations 
may simply go extinct (Anker-Nilssen et al., 2023). Changing predation regime 
may thus lead to a change in the habitat in which prey fitness is maximised (e.g., 
from natural cliffs to harbours for black-legged kittiwakes Rissa tridactyla, An-
ker-Nilssen et al., 2023; or from isolated rocky islands to forested islands closer 
to mainland for common eiders, Ekblad, 2022), constituting a major challenge 
for national species monitoring schemes based on fixed monitoring sites, as well 
as for targeting conservation actions (e.g., for the establishment of protected ar-
eas). 
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Given the lack of a general understanding of seabird responses and re-
silience to variation in predation regime, further research is still needed to 
document seabird adaptations and assess the risk induced by native avian 
predators. This knowledge will prove crucial to implementing relevant con-
servation measures. 

5.4. Future directions 

5.4.1. Baseline corticosterone and prolactin levels as conserva-
tion biomarkers? 

At the individual level, physiological mechanisms mediate a wide range of be-
havioural, morphological or life-history traits, playing an essential role in trig-
gering phenotypic responses to predictable and unpredictable environmental 
stressors (Ames et al., 2020; Lawton, 1991; Wikelski & Cooke, 2006). Physio-
logical responses may thus be thought of as monitoring tools to asses individ-
ual and population status (Bergman et al., 2019; Wikelski & Cooke, 2006). This 
raises the need to define relevant biomarkers. 

Classically, glucocorticoid levels are used as tools measuring stress re-
sponses to environmental perturbations. However, there is ongoing debate 
whether glucocorticoid levels can be used as biomarkers to monitor fitness, 
condition or health in wild populations, and more generally provide infor-
mation on environmental conditions (Busch & Hayward, 2009; Madliger & 
Love, 2014; Walker, 2005; Wikelski & Cooke, 2006). This is because the con-
text-dependency of variation in glucocorticoid levels renders their interpreta-
tion complex (Bonier et al., 2009) and raises a need for primarily understand-
ing how a particular species or population respond to intrinsic and extrinsic 
challenges before concluding on the health status of the population. Support-
ing this idea, the observed decrease in baseline corticosterone levels in the 
study eider population (V) reflected an increase, rather than a decrease, in en-
vironmental stress, but this interpretation was only feasible after having as-
sessed that corticosterone was positively associated with reproductive invest-
ment. Combining multiple metrics of physiology and behaviour may thus be 
more relevant to monitor the state of wild species and populations (Sorenson 
et al., 2017). Coupling these metrics with measurements of survival, breeding 
propensity or success may also allow a better assessment of population status. 
In my thesis, I highlighted the importance of looking at temporal variation in 
breeding propensity – a poorly-understood yet important demographic pa-
rameter (Nicol-Harper et al., 2021; Reed et al., 2004) – to understand popula-
tion-level responses to a changing predation regime (III).  

Additional results suggest that baseline prolactin levels could also be 
useful to integrate in conservation biology (VI), for instance paired with glu-
cocorticoid measurements. Indeed, baseline prolactin levels showed high in-
terannual variation (VI) and likely played a role in buffering the effects of 
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environmental fluctuations on reproductive success (VI), as previously sug-
gested (reviewed in Angelier & Chastel, 2009; Angelier et al., 2016). However, 
the observed high interannual variation in population-level baseline prolactin 
levels suggests that we still understand very little about the mechanisms that 
regulate prolactin secretion in the wild. 

5.4.2. Integrating stress-induced responses to measure stress sen-
sitivity 

As previously suggested (see 5.2.), integrating other possibly relevant param-
eters could provide a broader understanding of the ability of individuals to 
cope with a changing environment. By investigating baseline levels of corti-
costerone and prolactin, this thesis focuses on physiological response to 
chronic stressors, rather than acute ones – although the behavioural response 
to an acute stress is measured through flight initiation distance. Physiological 
responses to acute stressors are at least equally important, as failure to cor-
rectly respond to a sudden – unpredicted – stressor will likely jeopardise sur-
vival. 

Confrontation to an acute stressor – e.g., a predation attempt – therefore 
triggers two main pathways, driving behavioural and physiological stress re-
sponses at different temporal scales (Hawlena & Schmitz, 2010). First, the 
sympathetic-adrenal-medullary axis (SAM) is activated, triggering an emer-
gency behavioural fight-or-flight response within tenths of a second (that can 
for example be measured through flight initiation distance or defence behav-
iour). Second, the hypothalamic-pituitary-adrenal axis (HPA) is activated 
within minutes and up to hours, triggering an ‘emergency life-history stage’ 
(Wingfield et al., 1998), that redirects individuals – and allocation of energetic 
resources – from non-essential activities (e.g., reproduction) to essential ac-
tivities (e.g., immediate survival) to maximise lifetime fitness (Ricklefs & 
Wikelski, 2002; Wingfield, 2003; Wingfield & Sapolsky, 2003). An important 
mediator of such energy reallocation occurs through the secretion of glucocor-
ticoids (often referred to as the glucocorticoid stress response) (Angelier et 
al., 2013).  

Thus, the glucocorticoid stress response is thought to play a major role in 
enabling individuals to cope with sudden environmental perturbations (An-
gelier et al., 2013; Angelier & Chastel, 2009; Angelier & Wingfield, 2013). While 
the rise of glucocorticoid levels in response to an acute stress benefits immedi-
ate survival (Patterson et al., 2014; Ricklefs & Wikelski, 2002), it may also lead 
to elevated fitness cost, for example through breeding failure or territory loss. 
As a consequence, the downregulation of the glucocorticoid stress response can 
also provide fitness benefits, and stress-induced glucocorticoid levels can reflect 
among-individual variation in the ways of solving life-history trade-offs (An-
gelier & Wingfield, 2013). Previous studies carried out in the study system also 
underline the relevance of looking at the hormonal stress response of incubating 
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female eiders. Indeed, stress responsiveness was linked to risk-taking behav-
iour (Seltmann et al., 2012), but also found to reflect habitat-specific responses, 
as females nesting in concealed nests also displayed lower stress-induced corti-
costerone levels (Seltmann et al., 2014). Given the short-term nature of these 
studies, further work is now needed to investigate individual resilience to a 
changing predation regime based on long-term longitudinal data. Indeed, stress-
induced glucocorticoid levels may be more relevant to characterise evolution-
ary patterns of selection of physiological responses or stress sensitivity. 

Similarly, exposure to acute stressors is known to trigger a decrease in 
circulating prolactin levels (Angelier & Chastel, 2009; Chastel et al., 2005; 
Gratto-Trevor et al., 1991; Ruiz-Raya et al., 2018). Under challenging condi-
tions, a decrease in prolactin levels is likely adaptive, by mediating a reduction 
of parental effort and promoting immediate survival to the detriment of cur-
rent reproduction (Angelier & Chastel, 2009; Chastel et al., 2005). Importantly, 
such stress-induced decrease in prolactin levels has been shown to vary 
among individuals and species (Angelier et al., 2016; Kosztolányi et al., 2012). 
The magnitude of the reduction of prolactin levels in response to a standard-
ised stress protocol may thus provide complementary information on prey ad-
justment of parental effort and sensitivity to both chronic and acute stress in 
a changing environment (Angelier & Chastel, 2009). This is especially relevant 
as the neuro-endocrine pathways governing secretion of glucocorticoids and 
prolactin under acute stress differ (Angelier & Chastel, 2009; Sharp et al., 
1998; Wingfield & Sapolsky, 2003). When examined simultaneously, the in-
vestigation of stress-induced corticosterone and prolactin levels is likely to 
provide complementary information on parental investment (Angelier et al., 
2013, 2016; Angelier, Moe, et al., 2007). Additionally, other components of the 
fight-or-flight response than escape behaviour could be monitored, such as 
heart rate (Viblanc et al., 2015; Williams et al., 2017).  

5.4.3. Exploring transgenerational effects of maternal stress and 
exposure to predators 

In this thesis, I have centred my attention on predator-consumptive and preda-
tion risk effects on parents. However, there is growing evidence that parental 
exposure to predation risk can also shape offspring phenotype, notably through 
transgenerational effects on morphology, physiology, or behaviour (McGhee et 
al., 2012; Sheriff et al., 2010; Sheriff & Thaler, 2014; Sirot, 2010; Storm & Lima, 
2010; Yin et al., 2019). These prenatal effects of predation risk on offspring are 
thought to arise from variation in parental – and, in particular, maternal – re-
source allocation or investment in current reproduction. An important pathway 
is the change in egg composition under predation pressure (Coslovsky et al., 
2012; Giesing et al., 2011; Morosinotto et al., 2013; Mouton et al., 2022) and es-
pecially maternal transfer of hormones to the eggs (Almasi et al., 2012; Hayward 
& Wingfield, 2004; Saino et al., 2005). These prenatal effects are likely to have 
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cascading effects on offspring development and survival (Agrawal et al., 1999; 
Bell et al., 2016; Saino et al., 2005). Although debated (Hayward & Wingfield, 
2004; Öst et al., 2020; Saino et al., 2005; Sopinka et al., 2017), elevated embry-
onic glucocorticoid levels have been suggested to be associated with prepara-
tive responses enhancing offspring survivorship in a low-quality environment 
(Meylan et al., 2012) – including under high predation risk (Giesing et al., 2011) 
–, for example through better flight ability (Chin et al., 2009), accelerated growth 
(Coslovsky & Richner, 2011; Palacios et al., 2022) or enhanced antipredator de-
fence (Giesing et al., 2011) or response (Kulkarni & Gramapurohit, 2017).  

In light of the observed temporal trends in maternal corticosterone (V) 
and prolactin (VI) levels, and given the suggested sex-dependent effects of ma-
ternal corticosterone levels on eider ducklings (Öst et al., 2020), I encourage fur-
ther exploration of the transgenerational effects of maternal exposure to preda-
tion on offspring. These studies are fundamental to better assess the adaptative 
value of the match or mismatch between maternal and offspring phenotype 
(Coslovsky & Richner, 2012; Love & Williams, 2008), especially under fluctuat-
ing predation pressure. In addition, there is growing evidence that early-life en-
vironment affects lifetime fitness (Langenhof & Komdeur, 2018; Pigeon & Pelle-
tier, 2018). Accordingly, predation risk during the early stages of life may have 
long-term effects on behaviour (Liesenjohann & Krause, 2012), growth (Bell et 
al., 2011; Liesenjohann & Krause, 2012), morphology (Hossie et al., 2010), or 
even cognitive abilities (Vila Pouca et al., 2021). As eider ducklings are precocial 
and leave the nest within 24 hours of hatching (Öst & Bäck, 2003), they are rap-
idly exposed to predation risk when reaching the sea, and the environmental 
stress experienced during their early life may have long-term effects on their 
fitness. 

5.4.4. Conclusion 

In my thesis, I relied on a long-term individual-based monitoring of eiders fac-
ing the recovery of their native avian predator to assess whether and how 
long-lived prey individuals and populations respond to a changing predation 
regime. The temporal increase in predation pressure correlated with popula-
tion-level variation in a suite of traits, including: behavioural antipredator trait 
(i.e., through a reduction of risk-taking, I), physiological traits (i.e., through a 
decrease in baseline corticosterone levels and an increase in baseline prolac-
tin levels, V, VI), but also life-history traits (i.e., through a reduction of breed-
ing propensity, III). The rise in predation risk was also accompanied by an age-
ing of the breeding population (I), an increase in female body condition (I) and 
nest concealment (I), and a decrease in clutch size (I).  

In light of these population-level changes, I conducted individual-level anal-
yses to improve our understanding of the processes shaping behavioural and 
physiological responses to fluctuating predation threat. First, I found that in-
creasing predation pressure was associated with a decrease in risk-taking (i.e., 
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a lengthening of flight initiation distance, I). Interestingly, this response was 
shaped by a plastic adjustment of flight initiation distance to the risk of preda-
tion on breeding females, and the selective disappearance of risk-taking pheno-
types from islands characterised by high risk of offspring predation. Supporting 
this idea, risk-avoiding individuals were characterised by lower reproductive 
success and breeding propensity but higher survival during years of high pre-
dation risk (III). These results provide, to my knowledge, among the first evi-
dence that the target of predation (adults or offspring) determines the mecha-
nisms driving the adjustment of risk-taking propensity to the perceived level of 
threat. Further analyses highlighted that individuals are able to adjust their be-
havioural escape response to prior experience with a threat (II). Second, I pro-
vide evidence for a plastic decrease in baseline corticosterone levels of females 
incubating during years of high predation risk (V). This downregulation of base-
line corticosterone levels is thought to mirror a decrease in energetic invest-
ment in reproduction. An interesting additional finding was that at the fine scale 
(i.e., at the island scale) the physiological response to predation risk on adults 
was habitat-dependent, being visible only on open islands (V) – where adult sur-
vival is also lower (Ekroos, Öst, et al., 2012). Last, my findings did not validate 
the prediction of direct relationship between baseline prolactin levels – promot-
ing parental effort – and predation risk (VI). Instead, I showed that prolactin was 
indirectly related to predation pressure, likely promoting hatching success dur-
ing years characterised by challenging environmental conditions, including ele-
vated predation pressure (VI). 

While the results drawn from my thesis provide valuable insight into the 
response of prey individuals and populations to a change in predation regime, 
much remains to be explored to assess seabirds’ resilience to the recovery of 
sea eagle populations in the northern hemisphere. My results suggest that 
plasticity and selection shape prey behavioural and physiological responses to 
fluctuating predation risk. At the individual level, most responses were found 
to be – at least partially – driven by flexible adjustments of traits to the risk of 
predation. However, when using longitudinal data to test for within-individual 
plasticity in response to changing environmental and internal conditions (I, 
V), I assumed that individuals displayed consistent plastic responses, by rely-
ing on a within-subject centring approach (van de Pol & Wright, 2009). This 
assumption is likely reductive, as individuals may differ in behavioural and 
endocrine flexibility (Grindstaff et al., 2022; Guindre-Parker, 2020; Malkoc et 
al., 2022). Such individual-level variation in flexibility may in fine determine 
the resilience of individuals and populations in a changing environment. I thus 
advocate the continuation of the long-term monitoring of this eider popula-
tion, and the use of a reaction norm approach (Malkoc et al., 2022) after the 
collection of a sufficient number of behavioural and physiological samples on 
known individuals along variation in environmental and internal conditions. 
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In addition, using a long-term field monitoring has the advantage of allow-
ing the assessment of the complexity of natural processes occurring in wild 
populations, integrating additive and synergetic effects of concurrent stress-
ors. However, these data are, by nature, correlational, and do not allow to fully 
address causality. Consequently, I encourage future studies combining long-
term monitoring of wild populations with experimental settings to further as-
sess the causality of the links between individual traits and predation regime.  
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Breeding During a Predation Regime Shift
Behavioural and physiological responses of female common eiders 
facing the recovery of their native predator

This thesis explores whether and how common eiders Somateria mollissima adjust their 
behaviour and physiology in response to a change in predation regime mainly driven by the 
recovery of their native predators, white-tailed eagles Haliaeetus albicilla.
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