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Résumé

Les populations animales peuvent parfois échapper aux mécanismes naturels de régulation, souvent a la suite
d’actions humaines, entrainant ainsi leur surabondance. Ceci peut mener a une surexploitation des ressources
et causer d'importants dommages aux écosystéemes qui abritent ces espéeces. Dans certains cas, la chasse
sportive peut s'avérer un outil efficace pour contréler les populations surabondantes, mais pour avoir du succes,
il faut bien comprendre les mécanismes par lesquels cette activité affecte leur démographie. La grande oie des
neiges (Anser caerulescens atlanticus) est un modéle idéal pour explorer ces questions car c’est une espéce
longévive, surabondante, chassée, et pour laquelle on dispose d’un suivi démographique a long terme. Pour
éviter des dommages irréversibles a son habitat arctique, on a libéralisé les réglements de chasse pour cette
espéce en instaurant des saisons de chasse spéciales au printemps au Canada en 1999 et & I'hiver aux Etats-
Unis en 2009. Ces manipulations a grande échelle constituent un design quasi-expérimental unique pour étudier
les impacts de la chasse sur les paramétres démographiques d’'une population, et comment ceux-ci peuvent
varier en fonction des moments dans le cycle annuel oli I'on pratique cette activité. A 'aide de ce modéle d’étude,
ma thése, vise a (1) quantifier les impacts de la chasse sportive durant la migration printaniére sur le
comportement et la condition physique prénuptiale des oies, un important déterminant de la reproduction, (2)
évaluer la présence d'interactions possibles entre les contraintes physiologiques imposées par la chasse et le
marquage des oiseaux a |'aide de marqueurs auxiliaires dans leurs effets sur la survie des oies, (3) caractériser
limpact des changements de réglements de chasse des 20 derniéres années sur la survie annuelle et
saisonniére des adultes et (4) comparer I'impact des conditions environnementales estivales et de la chasse sur
la survie des juvéniles. Pour ce faire, jutilise les données de capture-marquage-recapture récoltées depuis 30
ans sur la halte migratoire printaniére au Québec et sur la colonie de I'lle Bylot au Nunavut. Mes travaux montrent
que la saison de chasse printaniére affecte la condition physique prénuptiale des oies depuis son instauration
en 1999, un effet relié a l'intensité de chasse. Les oies semblent également ajuster leur prise de risque en
modulant I'utilisation de ressources profitables mais a haut risque (champs agricoles) en fonction de leur
condition physique. Ensuite, mes résultats révelent que 'augmentation de I'intensité de la chasse amenée par
les changements de réglementation et le marquage avec colliers sont deux sources de stress qui ont un effet
synergique négatif sur la survie des oies adultes. A I'échelle saisonniére, les changements de réglements de
chasse ont causé une diminution de la survie des oies durant les saisons ou ils ont été instaurés. Cependant,
mes résultats révelent également une compensation de la mortalité due & la chasse entre deux saisons
consécutives, un phénomeéne qui demeurait jusqu’ici inconnu. Cette compensation est probablement due a une
vulnérabilité différentielle & la chasse dans la population plutét qu’a des effets dépendants de la densité tel que
frequemment observé. Par contre, les conditions environnementales liées & la phénologie durant le

développement des jeunes en Arctique sont le principal déterminant de leur survie la premiére année alors que



les changements réglementaires de chasse ont eu peu d'impacts. Ma thése permet d’'expliquer le succés de la
chasse comme outil de gestion pour contrbler la population de la grande oie des neiges, mais souligne
également les limites de ces mesures. En effet, mes résultats fournissent plusieurs indices que les oies ont
adapté leur comportement, ce qui leur permet de compenser au moins partiellement les effets négatifs de
I'augmentation de la chasse sur leur survie. Cette adaptation a permis d’atténuer 'impact négatif des actions
humaines sur le paramétre démographique ayant le plus fort potentiel d'affecter la dynamique de population tel

que prédit par la théorie de la canalisation environnementale.



Abstract

Animal populations can sometimes escape natural regulation mechanisms, often as a result of human action,
leading to their overabundance. This can lead to overexploitation of resources and cause significant damage to
the ecosystems that harbor these populations. In some cases, sport hunting can be an effective tool for
controlling overabundant populations, but to be successful, one must understand the mechanisms by which this
activity affects their demography. The greater snow goose (Anser caerulescens atlanticus) is an ideal model for
exploring these issues, as it is a long-lived, overabundant, hunted species, and for which long-term demographic
monitoring is available. To avoid irreversible damage to their Arctic habitat, hunting regulations for this species
were liberalized by introducing a special spring hunting season in Canada in 1999 and in winter in the USA in
2009. These large-scale manipulations provide a unique, quasi-experimental design for studying the impacts of
hunting on the demographic parameters of a population, and how they may vary based on the timing of the
annual cycle when hunting takes place. Using this study model, my thesis aims to (1) quantify the impact of sport
hunting during spring migration on the behavior and pre-breeding body condition of geese, an important
determinant of reproduction, (2) assess the presence of possible interactions between the physiological
constraints imposed by hunting and marking with auxiliary markers in their effects on survival, (3) characterize
the impact of changes in hunting regulations over the past 20 years on the annual and seasonal survival of
adults, and (4) compare the impact of summer environmental conditions and hunting on juvenile survival. To do
this, | use capture-mark-recapture data collected over the past 30 years on the spring staging area in Quebec
and on the Bylot Island colony in Nunavut. My work shows that the spring hunting season has affected the pre-
breeding body condition of geese since its inception in 1999, an effect related to hunting intensity. Geese also
seem to adjust their risk-taking behavior by modulating the use of profitable but high-risk resources (agricultural
fields) based on their body condition. Secondly, my results reveal that increased hunting intensity brought by
regulatory changes and collar marking results are two sources of stress that had a negative synergistic effect
on adult survival. On a seasonal scale, changes in hunting regulations caused a decrease in goose survival
during the seasons when they were introduced. However, my results also reveal a compensation of hunting
mortalities between two consecutive seasons, a phenomenon that was not previously described. This
compensation is probably due to differential vulnerability to hunting within the population, rather than to density-
dependent effects as frequently reported. On the other hand, environmental conditions in the Arctic related to
plant phenology during the early development of juveniles are the main determinant of survival in the first year,
while changes in hunting regulations had little impact. My thesis helps explain the success of hunting as a
management tool to control the greater snow goose population, but also highlights the limits of these measures.
Indeed, my results provide several indications that geese have adapted their behavior, enabling them to at least

partially compensate for the negative effects of increased hunting on their survival. This adaptation has allowed



mitigating the negative impact of human actions on the demographic parameter with the greatest potential to

affect population growth, as predicted by the theory of environmental canalization.
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Figure 4.4 Annual survival estimates of leg-ringed adult greater snow geese between 1990 and 2019. Annual
values were reconstructed from seasonal survival presented in Fig. 4.2 (see methods). The dotted line
represents survival estimates calculated from our best supported model (M10; Table 4.1) with its 95% confidence
intervals (shaded area). Points represent yearly survival estimates calculated from model M6 along with their
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CHAPITRE 5

Figure 5.1 Annual survival probability estimated for adult (orange) and juvenile (blue) greater snow geese
marked on Bylot Island between 1991 and 2018. Error bars are 95% credible intervals. ..........cccccevvrrvrennee. 107

Figure 5.2 Relationship between annual survival of juvenile greater snow geese and the mismatch between
hatching date and date of peak plant quality (A and C), or the annual date of peak plant quality (day of the year),
an index of spring phenology (B and D). The black lines represent mean model predictions with their 95%
credible interval (shaded area) over the range of observed mismatch or spring phenology values with all other
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covariates held constant. A positive mismatch indicates that goslings hatch after the peak in plant quality. Dots
represent mean annual survival estimates along with their 95% credible intervals (error bars) plotted against the
mean annual value of the environmental covariate in that year. In (A) and (B), mean annual survival predictions
are obtained with all covariates included in the model whereas in (C) and (D), the predictions are obtained by
holding the date of peak plant quality and the mismatch constant, reSpectively...........cccovveerrennrrerenens 109

Figure 5.3 Relationship between annual survival of juvenile greater snow geese and mismatch between hatching
date and date of peak plant quality, and spring phenology (date of peak plant quality; day of the year)
simultaneously. The surface represents the model prediction for annual survival based on the mismatch and
spring phenology covariates only. Red dots are annual survival estimates and black dots are predictions from
the model for the corresponding values of annual mismatch and spring phenology (i.e. black dots are located on
the 3D surface). Black lines link survival estimates (red) to model predictions (black). .........ccccccvvvvrccrrrnnnn, 110

ANNEXE S1

Figure S1.1 Period for which body condition data were available between 1979 and 2020. Each dot represents
a day when geese were captured (i.e. one cannon-netting event). The line shows the time period between the
first and the 1ast JOOSE CAPLUIES BVEIY YEAI. .....ccccviiiieireicieierse ettt sttt bbbt b 153

Figure S1.2 Body mass adjusted for skeletal size in relation with day of year in greater snow geese weighed
between 1979 and 2020. Points represent individual body masses corrected for skeletal size. The line represents
the prediction of the best polynomial regression of mass on day of Year..........ccccceevvieiecceessssseeceeenn, 154

Figure S1.3 Spring weather data from three meteorological stations located in the staging area used by greater
snow geese in southern Québec for 2010-2020. Years 2019 and 2020 are highlighted in green and orange,
respectively. Horizontal dotted lines represent the 10-year mean. A: Annual variation in snowmelt date for three
cities located along the staging area used by geese between 2010 and 2020. B: Annual variation in mean
monthly temperatures of three cities located along the staging area used by geese for March, April and May.
Source: https://climate.weather.gc.ca/historical_data/search_historic_data_e.html.............cccocovevvvvrvrnnnne. 155

Figure S1.4 Effect of hunting pressure on goose spring body condition using number of active spring hunters.
A: Annual numbers of active greater snow goose hunters in spring from 1999 to 2020. Error bars represent 95%
confidence intervals. Colored bars represent years for which data on body condition is available. B: Spring body
condition of geese at the end of the staging period in relation to annual number of active hunters in spring.
Values at 0 active hunters (white violin) correspond to years without a spring Conservation Harvest (before
1999). The black line represents the mean model predictions based on individual data points with its 95% ClI
(shaded; regression slope [95%Cl]: -0.05 g/active hunter [-0.07, -0.03], n = 3460). Black dots and error bars are
the mean body mass with its 95% CI for each number of active hunter level and color shading represents the
density distribution of individual data points. Source of hunting statistics: Smith and Gendron 2020............. 156

Figure S1.5 Effect of hunting pressure on goose spring body condition using number of spring hunting days. A:
Annual numbers of greater snow goose hunting days in spring from 1999 to 2020. Error bars represent 95%
confidence intervals. Colored bars represent years for which data on body condition is available. B: Spring body
condition of geese at the end of the staging period in relation to annual number of spring hunting days. Values
at 0 hunting days (white violin) correspond to years without a spring Conservation Harvest (before 1999). The
black line represents the mean model predictions based on individual data points with its 95% CI (shaded:;
regression slope [95%Cl]: -0.010[-0.014, -0.007] g/hunting day, n = 3460). Black dots and error bars are the
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distribution of individual data points. Source of hunting statistics: Smith and Gendron 2020. ...........c.ccccc...... 157

Figure S1.6 Average daily proportion of locations recorded in fields by GPS-marked geese in 2019 (n=10) and
2020 (n=5) near the end of the staging period. Error bars are 95% CI and colored shading represents the density
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Figure S1.7 Abdominal profile scores of greater snow geese in relation with day of year during spring staging in
southern Québec in 2020. Profile score increased exponentially with days (Poisson regression; day-effect
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estimate [95%CI] = 1.012 [1.010, 1.014]) going from an average score of 2 in early April to an average score of
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ANNEXE S2

Figure S2.1 Dates when goose body condition data are available each year between 2007 and 2022. Points
represent days when goose captures occurred at lle-aux-Oies, Québec, Canada. The line represents the period
covered DY GOOSE CAPIUTES BVETY YEAL. ...ttt 161

Figure S2.2 Relationship between average annual body condition of greater snow geese captured at the end of
staging and yearly harvest by hunters between 1979 and 2022. Points are the average yearly condition estimates
with their 95% C.1. The line represents the mean bootstrapped slope estimated from 10,000 simulations. The
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0.68 [0.51, 0,83]. See above text for details on calculation of the slope value, coefficient of determination (R?)
and their respective 95% C.1. Values at 0 on the X axis correspond to years without spring hunting, before 1999.
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Figure S3.1 Point estimates of encounter probabilities (physical recaptures) of non-collared adult female greater
snow geese marked between 1990 and 2016 and encountered from 1991 to 2017 on Bylot Island, Nunavut.
Error bars are 95% C.I. Estimates were obtained from model M14 (Table 3.1)......cccccoevvevnieniieniinnns 172

Figure S3.2 Point estimates of encounter probabilities (physical recaptures and resighting) of adult female
greater snow geese marked with collars between 1990 and 2016 and encountered from 1991 to 2017 on Bylot
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Figure S3.3 Point estimates of hunting recovery probabilities of adult female greater snow geese marked
between 1990 and 2016 on Bylot Island, Nunavut and recovered from 1990 to 2017. Error bars are 95% C.I.
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Figure S4.1 Comparison of the distribution of greater snow goose encounters in the real and simulated datasets
according to week of the year. Annual distribution of A: observations of birds marked with neck collars between
1990 and 2019, B: observation of collared birds from simulated datasets, C: recoveries of birds shot between
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Figure S4.2 Frequency distribution of bias in average seasonal survival estimated for 200 datasets simulated
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Figure S4.3 Seasonal live encounter estimates of collared greater snow geese for highly- and weakly-observable
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Figure S4.6 Seasonal survival estimates of greater snow geese between 1990 and 2019 from model M6, Table
4.1 (yellow: leg-ringed-only males and females, blue: collared females; pink: both groups combined). The shaded
area represents the 95% C.I. of survival estimates from the most parsimonious model, where survival is
constrained equal for time periods with similar hunting regulations (model M10, Table 4.1). Points represent
annual survival estimates with their 95% confidence intervals (Error Dars)..........cccovvvrreeneenreses 197
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Figure S4.8 Relationship between winter and fall mortality estimates of adult greater snow geese between 1999
and 2018, after implementation of special hunting seasons in Canada only (spring, 1999-2008, closed dots) and
in Canada and USA (spring and winter, 2008-2019, open dots). Error bars are 95% C.I. of seasonal survival
estimates computed as 1-survival from model M6 (Table 4.1). The dashed line represents the mean
bootstrapped slope estimated from 10 000 simulations (see methods; B [95%Cl] = -0.03 [-0.27, 0.21]). The gray
shading represents the central 95% of the bootstrapped relationships...........cccooeriennnceees 199

Figure S4.9 Relationship between spring and fall mortality estimates of adult greater snow geese between 1999
and 2018, after implementation of special hunting seasons in Canada only (spring, 1999-2008, closed dots) and
in Canada and USA (spring and winter, 2008-2019, open dots). Error bars are 95% C.I. of seasonal survival
estimates computed as 1-survival from model M6 (Table 4.1). The dashed line represents the mean
bootstrapped slope estimated from 10 000 simulations (see methods; B [95%ClI] = -0.05 [-0.41, 0.31]). The gray
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Figure S4.10 Relationship between annual survival probability estimates and harvest rate of adult greater snow
geese between 1999 and 2018, after implementation of special hunting seasons in Canada only (spring, 1999-
2008, closed dots) and in Canada and USA (spring and winter, 2008-2019, open dots). Error bars are 95% C.I.
of annual survival estimates computed from seasonal estimates of model M6 (Table 4.1). The dashed line
represents the mean bootstrapped slope estimated from 10,000 simulations (see text above; B [95%Cl] = 0.4
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Figure S5.1 Annual live encounter probability estimates for highly capturable (circles) and weakly capturable
(triangles) male (green) and female (yellow) adult greater snow geese captured in banding drives at the end of
the breeding season on Bylot Island between 1991 and 2019. Error bars are 95% credible intervals. .......... 206
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Figure S5.3 Probability estimates of adult and juvenile male and female greater snow geese marked on Bylot
Island between 1990 and 2018 to belong to different states. Points are mean model estimates and error bars
are 95% credible intervals. A: Probability of belonging to the state Adult Alive and highly-capturable. Details in
Appendix S5.1. B: Probability of transition to the state ‘Adult Alive Emigrated’ from other alive states (i.e.,
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Figure S5.4 Relationship between hatching date of greater snow geese and plant phenology on Bylot Island
between 1990 and 2019. Figure updated from Doiron et al. (2015). A: Time series of median hatching date (open
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FEIALIONSNID. ...ttt 209

XVi



Figure S5.5 Relationship between individual mismatch values (difference between individual hatching date and
annual date of peak plant quality) and annual date of peak plant quality for known-age, juvenile greater snow
geese recaptured at the end of brood rearing on Bylot Island (Nunavut) between 1991 and 2019. Colors are
used to differentiate years. A small jitter was used to better appreciate the distribution of mismatch values for
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qui m’ont mis |’Arctique en téte,
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« Je viens souvent ici pour essayer de voir ou se
trouvent les plus fortes densités d’oies dans
‘Goose Paradise’ et la plaine adjacente avant d’y
descendre pour lire des colliers. Je m’assois
toujours sur cette grosse roche plate, foncée,
légerement inclinée vers le sud. A la fin des apreés-
midis ensoleillés elle est toujours surprenamment
chaude dans la Toundra si froide.

J’aime bien cet endroit.

Une mousse verte, presque fluorescente, s étend a
nos pieds en contrebas et tente de s’approprier
doucement le gris lit de la riviere.

Les graminées dorées s étendent vers |’Ouest a
perte de vue et forment un tapis fébrile qui vibre
au gré des bourrasques.

Au Sud au pied du plateau s ’avancent les vastes
marais de Goose Paradise, parsemés d’oies qui
ornent les polygones de petits picots blancs.

A I’horizon, les plateaux de Baffin glacés,
étincelants, semblent crouler sous le poids du ciel
qu’ils tiennent en respect depuis les temps
immémoriaux.

J’aime bien cet endroit. Le temps s’y arréte.

Quand je quitte, j en viens toujours a envier ma
roche qui reste ici se faire griller au soleil tous les
apres-midis. Je crois que je pourrais me
satisfaire... De rester ici et contempler ce
spectacle éternel.

C’est sans doute la derniere fois que je m’assois
sur cette roche. Mais j’ai espoir qu’en griffonnant
ces quelques lignes, j arrive a continuer de venir

m’assoir ici, de temps en temps. »

— Carnet de terrain 2022, Frédéric LeTourneux
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Avant-propos

Cette thése est composée de 7 sections dont une introduction et une conclusion générales rédigées en langue
francaise. Les 5 chapitres principaux sont quant a eux publiés (ou en voie de I'étre) dans des revues scientifiques
révisées par les pairs, et sont conséquemment rédigés en anglais. L'introduction consiste en une revue de la
littérature scientifique sur laquelle se basent les hypothéses et questions de recherche qui sont abordées tout
au long de ma these. Dans la conclusion générale, je présente brievement les principaux résultats des chapitres
de ma thése, et j'explique comment ceux-ci se complétent pour offrir une synthése de l'impact de la chasse et
de ses changements réglementaires des 30 derniéres années sur une population aviaire migratrice longévive.
J'aborde également dans cette section les limites principales dans l'interprétation des résultats de mon projet et
je termine avec de bréves recommandations quant a la gestion de la population de la grande oie des neiges.
Les chapitres 1 a 3 sont déja publiés dans des revues scientifiques et la version présentée est identique a la
version publiée. Le chapitre 4 a récemment été soumis a une revue scientifique avec comité de révision, tandis
que le chapitre 5 est en préparation pour étre soumis a une telle revue dans les mois a venir. La documentation

supplémentaire pour chaque chapitre est annexée a la fin de la these.

Le chapitre 1 est intitulé « COVID19-induced reduction in human disturbance enhances fattening of an
overabundant goose species » et a été publié dans la revue Biological Conservation en janvier 2021. Cet
article a été congu et rédigé avec l'aide de plusieurs co-auteurs dont Frédéric Dulude-de Broin, Thierry
Grandmont, Gilles Gauthier et Pierre Legagneux en sont les principaux. Marie-Claude Martin, Akiko Kato, Josee

Lefebvre et Joél Béty ont également contribué a cet article a titre de co-auteurs.

Le chapitre 2 est intitulé « Additional data confirms the impact of the COVID19 lockdown on the behavior
and fattening of migratory snow geese » et a été publié dans la revue Biological Conservation en septembre
2023. Frédéric Dulude-de Broin, Thierry Grandmont, Marie-Claude Martin, Joél Béty, Gilles Gauthier et Pierre

Legagneux ont contribué a cet article a titre de co-auteurs.

Le chapitre 3 est intitulé « Evidence for synergistic cumulative impacts of marking and hunting in a wildlife
species » et a été publié dans la revue Journal of Applied Ecology en novembre 2022. Cet article a été congu
et rédigé avec l'aide de Gilles Gauthier et Roger Pradel qui en sont les principaux co-auteurs. Josée Lefebvre

et Pierre Legagneux ont également contribué a cet article a titre de co-auteurs.

Le chapitre 4 est intitulé « Evidence for seasonal compensation of hunting mortalities in a long-lived
migratory bird » et a été publié dans la revue Journal of Applied Ecology en ao(it 2024. Cet article a été congu
et rédigé avec l'aide de Gilles Gauthier et Roger Pradel qui en sont les principaux co-auteurs. Josée Lefebvre

et Pierre Legagneux ont également contribué a cet article a titre de co-auteurs.
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Le chapitre 5 est intitulé « Environmental conditions outweigh the effect of hunting on juvenile survival in
greater snow geese » et est en préparation pour soumission a une revue scientifique. Cet article a été congu
et rédigé avec l'aide de Gilles Gauthier et Roger Pradel qui en sont les principaux co-auteurs. Josée Lefebvre

et Maria Belke-Brea ont également contribué a cet article & titre de co-autrices.

En tant que premier auteur de tous ces articles, j'ai contribué a la collecte des données dans les années récentes
méme si j'ai bénéficié de jeux de données a long terme récoltés depuis plusieurs décennies. J'ai dirigé toutes
les autres étapes pour en arriver a l'obtention de manuscrits scientifiques pour chaque chapitre, sous la
supervision de Gilles Gauthier, mon directeur de recherche. La conception des questions de recherches s’est
faite en collaboration avec Gilles Gauthier (Chapitres 2 a 5), Pierre Legagneux (Chapitres 1 a 4) et Frédéric
Dulude-de Broin (Chapitres 1 et 2). Les analyses statistiques sont le résultat de proches collaborations avec
Frédéric Dulude-de Broin (Chapitres 1 et 2), Roger Pradel (Chapitres 3 & 5), Gilles Gauthier (Chapitres 3 et 4)
et Maria Belke-Brea (Chapitre 5). La conception des figures a été faite en collaboration avec Thierry Grandmont
(Chapitre 1), Frédéric Dulude-de Broin (Chapitres 1 et 2) et Maria Belke-Brea (Chapitre 5). Outre ces principales
contributions, tous les co-auteurs de chacun des chapitres ont contribué a ma thése soit en fournissant des
commentaires constructifs sur les différentes versions des manuscrits, en participant aux analyses statistiques,

ou encore en fournissant une aide importante a la collecte des données.

Durant ma thése, j'ai également contribué en tant que co-auteur aux six articles scientifiques suivants :

Setash C, Behney A, Gammonley J, Overton C, Casazza M, LeTourneux F, Buderman F, Schummer M,
Luukkonen B, Huck N, Beatty K, Legagneux P, Koons D. 2024. Can waterfowl buffer the mortality risk
induced by GPS tags? A cautionary tale for applied inference across species. Anim. Biotelemetry 12: 26.

Weiss-Blais M, Bolduc D, Corbeil-Robitaille MZ, Dulude-de Broin F, Grandmont T, LeTourneux F, Poirier M,
Sarrazin D, Legagneux P. 2024. Worth the dip? Polar bear predation on swimming flightless greater snow
geese and estimation of energetic efficiency. Arctic Science 10: 233-239.

Bates AE, Primack RB, Biggar BS, Bird TJ, Clinton ME, Command RJ, Richards C, Shellard M, Geraldi NR,
Vergara V, [...], LeTourneux F, et al., 2021. Global COVID-19 lockdown highlights humans as both
threats and custodians of the environment. Biol. Conserv. 263, 109175.

Hoarau M, Dulude-de Broin F, LeTourneux F, Angelier F, Gauthier-Bouchard M, Martin M-C, Kato A, Lefebvre
J, Thomas P, Williams CK, Béty J, Legagneux P, In press. Bird migration on the edge: experimental
manipulation of corticosterone advances migration departure dates. Ecology.

Grentzmann |, Gauthier G, Angelier F, Béty J, LeTourneux F, Legagneux P. In press. Manipulating individual
state during migration: carry-over effects of cumulative stress on survival. Ecol. Evol.

Grandmont T, Dulude-de Broin F, LeTourneux F, Gauthier G, Béty J, Legagneux P. In prep. Adjusting migration
and breeding phenology under climate change: can greater snow geese “wind the clock™?
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Introduction

Un consensus scientifique incontestable est que les impacts négatifs des populations humaines sur les
écosystémes et la faune sont en constante augmentation (Steffen et al., 2011). L'étalement urbain et la
transformation des écosystemes en terres agricoles confinent la faune a des habitats toujours plus restreints
(Newbold et al., 2015). Le réchauffement global du climat et la fréquence des évenements météorologiques
extrémes exercent une forte pression sur les délicates interactions biotiques et abiotiques déja fragilisées par la
multitude de pressions que les humains exercent sur leur environnement (Descamps et al., 2017; Duefias et al.,
2021; Mantyka-pringle et al., 2012). Paradoxalement, certains des impacts négatifs les plus importants de
I'homme sur les écosystemes naturels ont été causés en facilitant I'établissement de nouvelles especes dans
des écosystemes ou elles étaient initialement absentes (Bellard et al., 2016). Certaines de ces especes dites
invasives proliférent sans contraintes grace a 'absence de prédateurs ou de compétiteurs, et réussissent a
accaparer une partie importante des ressources disponibles qu’elles consomment aux dépens des espéces
indigenes. Ce fléau est la cause principale de I'extinction de nombreuses espéces animales et végétales a
travers le monde (Vitousek et al., 1996). De maniére similaire, certaines especes indigénes profitent aussi des
transformations de I'environnement par 'humain et deviennent surabondantes (e.g., C6té et al., 2004; Coulson,
2007; Jefferies and Rockwell, 2002). Ces especes peuvent causer des changements importants dans les
écosystemes qui les abritent et sont régulierement la cause de conflits avec les humains (e.g., Bradbeer et al.,
2017; Coté et al., 2004; Tombre et al., 2013; Wagner and Seal, 1992; Witmer, 2022).

La gestion des especes invasives et surabondantes représente un défi car les solutions disponibles peuvent
entrainer des co(ts importants (Diagne et al., 2021) ou encore faire 'objet de contestations sociales (e.g.,
Shields, 2021). Lorsque c’est une option, la chasse sportive peut &tre un bon outil de gestion pour diminuer la
taille des populations surabondantes. Dans le cas d’especes traditionnellement chassées, cette méthode de
gestion nécessite peu d'investissements en temps et financiers de la part des organismes de gestion de la faune
car les chasseurs sont équipés pour cette activité et la pratiquent déja. Cependant, il faut bien comprendre la
dynamique d’'une population et comment la chasse peut I'affecter pour qu'un programme de gestion par la

chasse aie les effets escomptes.

Dynamique des populations

Lorsqu’on étudie une population animale, la taille de la population, soit le nombre d'individus qui la compose,
est une quantité fondamentale (Lebreton et al., 1992). C'est I'information de base qui nous permet de juger de
son état: les petites populations courent un risque d’extinction plus élevé que les grosses populations

(Caughley, 1994). L'étude de la dynamique d’une population est I'étude des changements temporels dans sa



taille. A la base, le changement dans la taille d’'une population entre un temps tett+1 (N, _, ;1) est régit par

4 parametres : la mortalité, la natalité, 'immigration et I'émigration (Eq.1)
Neyqy =N +B—-—D+1-E, (Eq.1)

ou B représente les natalités (births), D les mortalités (deaths), | I'immigration et E I'émigration. Pour une
population isolée géographiquement (sans immigration ou émigration), I'équation 1 peut étre écrite sous une

forme ou les mortalités et natalités sont fonction du nombre d'individus présent dans la population au temps t :
Neyr = (Fp + S¢) X Ng, (Eq.2)

ou S; représente le taux de survie des individus et F; la fécondité, soit le nombre d’individus produits par individu
ayant survécu a l'intervalle entre t et t +1. Il existe un continuum de stratégies qui permettent aux individus d’une
espéce de produire le plus de jeunes possibles au cours de leur existence. Sans entrer dans les détails de la
théorie des traits d’histoire de vie (voir I'excellente synthése de Reznick et al., 2002), on retrouve a une extrémité
de ce continuum les espéces qui maximisent la fécondité (dites r-sélectionnées, ou ‘fast species’) alors qu'a
l'autre extrémité les espéces maximisent la survie des adultes (dites K-sélectionnées, ou ‘slow species’). Les
especes qui ont des caractéristiques r se reproduisent souvent plusieurs fois par année, et investissent un
maximum de ressources pour produire le plus grand nombre de jeunes rapidement. Elles sont généralement
caractérisées par de courts cycles de vies, une importante fécondité, un taux de survie faible et variable et une
petite taille (e.g., insectes, micromammiféres). De I'autre cbté, les espéces avec des caractéristiques K ont plutét
tendance a réduire leur investissement reproducteur ou méme sauter un événement de reproduction lors de
périodes difficiles afin de maximiser leurs chances de survivre et d'avoir 'opportunité de se reproduire a
plusieurs occasions par la suite (Ferraz, 2020). Les espéces caractérisées par 'une ou l'autre de ces grandes
stratégies maximisent un paramétre différent de I'équation 2, soit la fécondité pour les espéces plutét r-

sélectionnées et la survie des adultes dans le cas des espéces plutbt K-sélectionnées.

Importance de la reproduction et déterminants de la survie juvénile

Peu importe qu'une espéce ait des caractéristiques r- ou K-, la reproduction et le recrutement de juvéniles dans
la population adulte demeure une condition fondamentale au maintien d’une population animale dans le temps.
Méme une population avec un taux de survie adulte élevé est vouée a I'extinction sans reproduction. D’ailleurs,
chez une espece caractérisée par une survie adulte élevée et peu variable, les paramétres qui contribuent le
plus aux fluctuations réalisées de la taille de population & travers le temps sont souvent liés a la reproduction
ou & la mortalité des juvéniles (e.g., Gaillard et al., 2000). En effet, lorsque la survie adulte ne varie pas ou peu,
ce sont les variations dans la production de jeunes et leur survie jusqu'a 'dge adulte qui vont éventuellement

induire des variations du taux de croissance d'une population.



Pour la plupart des especes animales, les conditions durant le développement des juvéniles ont un impact sur
leur qualité et affectent leur fitness (Lindstrom, 1999; Madsen and Shine, 2008; Marquis et al., 2008; Hamel et
al., 2009). Des conditions favorables durant les premieres semaines de vie menent généralement a une
meilleure croissance des jeunes ce qui leur confere plusieurs avantages comme de meilleures chances de
survie, une taille adulte plus importante, et un meilleur potentiel de reproduction (Haywood and Perrins, 1992;
Lindstrom, 1999; Saino et al., 2012). Puisque I'abondance et la qualité des ressources alimentaires varient
généralement dans le temps, la synchronie entre la naissance des jeunes et les périodes ou les ressources sont
abondantes permet une croissance rapide avec les avantages qui s’ensuivent. Il est donc logique qu’on observe
une synchronie serrée entre le moment de la reproduction et la disponibilité des ressources alimentaires chez
de nombreuses espéces d'oiseaux (e.g., Gwinner, 1996). Cependant, la phénologie des ressources alimentaires
comme les insectes ou les plantes dont se nourrissent de nombreuses espéces aviaires dépend souvent de la
température. Conséquemment, le réchauffement climatique a généralement comme effet de devancer la
croissance des plantes et la reproduction des espéces (Forchhammer et al., 1998; Post and Stenseth, 1999;
Stenseth et al., 2002). Cependant, on a de plus en plus d’indices que I'écologie de plusieurs espéces migratrices
ne leur permet pas d’ajuster le moment de la reproduction suffisamment pour conserver cette synchronie serrée
entre I'éclosion des jeunes et les périodes ou les ressources alimentaires sont les plus favorables (Mgller et al.,
2008). En effet, les espéces migratrices ne peuvent se baser que sur les conditions locales pour entamer la
migration, mais celles-ci ne sont pas nécessairement représentatives des conditions sur leurs aires de
reproduction a des milliers de kilométres (Reséndiz-Infante and Gauthier, 2024; Tombre et al., 2008). Ce
phénomeéne est exacerbé pour les especes qui se reproduisent en Arctique car cet écosysteme se réchauffe
plus rapidement que le reste de la planéte (Rantanen et al., 2022). L’asynchronie entre le pic d’abondance ou
de qualité des ressources alimentaires et la phénologie de reproduction des oiseaux est donc un phénoméne
de plus en plus présent globalement et peut affecter 'investissement reproducteur, la croissance des juvéniles,

leur survie, et méme leur qualité sur le long terme (Knudsen et al., 2011; Visser and Gienapp, 2019).

Canalisation des traits d’histoire de vie et considérations pour la gestion

Chez les espéces longévives, un compromis peut étre fait sur la reproduction lors d’'une année donnée afin de
maximiser les chances de survie d'un individu (Béty et al., 2003; Erikstad et al., 1998). Cela se traduit par un
investissement reproducteur soit faible ou variable dans le temps, et une survie élevée et peu variable dans le
temps pour les adultes (e.g., Weimerskirch et al., 1987). On dit de ce trait démographique qu'il est canalisé, soit
que des mécanismes permettant de réduire sa variabilité ont été sélectionnés (Gibson and Wagner, 2000;
Wagner et al., 1997). Pfister (1998) a montré que les traits exhibant le moins de variabilité (i.e., les plus
canalisés) sont ceux qui ont le plus fort potentiel d'induire des changements dans le taux de croissance d'une

population. Dans le cas d’'une espéce dont la reproduction varie grandement d’une année a l'autre mais dont le



taux de survie des adultes est élevé (e.g., > 0.8) et peu variable, une proportion importante des adultes survit
d'une année a l'autre et ce sont eux qui composent la majeure partie de la population. Par contre, si un
événement ponctuel survient et diminue le taux de survie adulte, on a alors un effet direct et immédiat sur la
taille de la population qui peut difficilement étre compensé par un accroissement de la reproduction ou du
recrutement des juvéniles car ces taux sont relativement faibles et variables d’'une année a l'autre. Autrement
dit, un petit changement de paramétres trés canalisés peut avoir un effet important sur la taille de la population
I'année suivante. Conséquemment, pour contréler le taux de croissance d’'une population, il devrait étre plus
payant d’agir sur les traits les plus canalisés que sur ceux qui le sont moins selon la théorie. Par exemple, si on
veut gérer la population d'une espéce longévive surabondante, des mesures agissant sur la survie des adultes
devraient étre les plus efficaces pour affecter sa croissance et contréler la taille de sa population (Gauthier and
Brault, 1998).

Gestion des populations par la chasse sportive

Toute population animale est affectée par plusieurs sources de mortalité qui peuvent parfois interagir entre elles.
Une bonne connaissance des sources de mortalité et de leurs interactions possibles est donc importante afin
de bien comprendre les facteurs qui controlent la croissance d’une population. Pour cette raison, les concepts
de mortalité a la chasse additive et compensatoire sont au cceur de la gestion des populations exploitées. Pour
gérer une population exploitée, on regroupe souvent les sources de mortalité en deux catégories : la mortalité
causée par la chasse, et la mortalité dite ‘naturelle’, qui englobe toutes les autres sources de mortalités.
Anderson et Burnham (1976) sont les premiers a avoir formellement énoncé I'hypothése que la mortalité a la
chasse pouvait étre additive ou compensatoire a la mortalité naturelle, et ces concepts ont depuis fait I'objet de
plusieurs synthéses et débats (Boyce et al., 1999; Cooch et al., 2014; Lebreton, 2005; Riecke et al., 2022).

Mortalité compensatoire et additive

Dans une population, la mortalité a la chasse est dite compensatoire lorsqu’elle n'a pas d'effet sur le taux de
survie annuel parce qu'elle est compensée par la réduction d’'une autre source de mortalité a un moment
ultérieur du cycle annuel (Boyce et al., 1999; Lebreton, 2005). Par exemple, cela peut se produire lorsque la
mortalité a la chasse réduit la mortalité due aux effets dépendants de la densité, ou encore s'il y a une
hétérogénéité importante dans la qualité des individus et leur vulnérabilité a différentes sources de mortalité. On
assume donc en quelque sorte qu'il y a une portion de la population qui est condamnée a mourir peu importe la
cause, que ce soit par la chasse, la prédation, ou la compétition avec leurs congénéres pour les ressources
disponibles (le fameux ‘doomed surplus’; Errington, 1945). Evidemment, la mortalité & la chasse doit étre
inférieure a la somme de la mortalité qui pourrait étre causée par d’autres sources pour qu’on observe de la

compensation. Au-dela de cette valeur, la mortalité a la chasse ne peut plus étre compensée et devient additive.



On parle de mortalité additive lorsque la mortalité a la chasse a un effet négatif direct sur le taux de survie d’'une
population (Lebreton, 2005). Cela se produit lorsqu'il n'y a pas de processus par lequel la mortalité a la chasse
peut étre compensée par la mortalité naturelle, ces deux sources de mortalité agissent alors de maniére
indépendante sur la population. C’est le cas lorsque la mortalité naturelle est trés faible, en I'absence de
mécanismes dépendants de la densité, ou encore lorsque la mortalité a la chasse surpasse la mortalité naturelle.
Celle-ci ne peut alors pas étre réduite, ou du moins pas suffisamment pour compenser la mortalité a la chasse.
La distinction entre ces concepts est importante parce que la mortalité a la chasse doit étre additive a la mortalité
naturelle si on souhaite contréler une population surabondante & l'aide de la chasse sportive. A l'inverse, en
présence d’une relation compensatoire, 'augmentation de la mortalité a la chasse n'aura que peu d'effet sur la

croissance de la population (e.g., Koons et al., 2014).

Généralement, la mortalité¢ a la chasse a plus de chances d'étre compensatoire chez les espéces r-
sélectionnées car la forte mortalité naturelle qui caractérise ces populations permet davantage une
compensation de la mortalité & la chasse (e.g., Riecke et al., 2022). A l'opposé, la mortalité & la chasse tend
plutdt & s’additionner & la mortalité naturelle pour les espéces exploitées qui sont plus longévives (i.e., les
especes K-sélectionnées) car leur taux de mortalité naturelle plus faible ne permet pas (ou trés peu) de

compenser la mortalité a la chasse (e.g., Gauthier et al., 2001; Hamel et al., 2006; Rexstad, 1992).

Mécanismes de compensation

Les processus saisonniers par lesquels les facteurs dépendants de la densité et I'hétérogénéité individuelle
permettent la compensation entre différentes sources de mortalité sont assez intuitifs mais agissent
différemment. D’'une part, la réduction de la densité d'une population par la chasse peut entrainer une réduction
des effets négatifs des facteurs dépendant de la densité (e.g., moins de compétition pour les ressources au
moment ou elles sont le plus limitantes, car moins d’individus) et donc une diminution de la mortalité naturelle
qui compense la mortalité a la chasse. D'autre part, une hétérogénéité individuelle importante dans la
vulnérabilité aux facteurs de mortalité dans une population pourrait aussi causer de la compensation (Guillemain
et al., 2007; Lebreton, 2005; Lindberg et al., 2013). Par exemple, si la mortalité a la chasse affecte
principalement les individus les plus vulnérables aux facteurs de mortalité naturelle, la mortalité a la chasse
pourrait alors se substituer & cette derniere et n'avoir que peu d'impact sur les individus présentant une faible
vulnérabilité aux facteurs de mortalité naturelle. Dans les deux cas, le résultat est similaire: le taux de survie

annuel ne varie pas en fonction de la mortalité a la chasse.

Jusqu'a présent, les phénoménes de compensation ont été étudiés et expliqués principalement par une
interaction entre deux sources de mortalité différentes, par exemple une réduction de la mortalité naturelle

compensant une augmentation des mortalités a la chasse. Par contre, en présence d'une forte hétérogénéité



individuelle dans la vulnérabilité a la chasse, on peut imaginer un processus similaire au sein d’une seule source
de mortalité, soit celle due a la chasse, mais a des moments distincts dans le cycle annuel. Par exemple, si la
récolte & une saison réduit fortement le nombre d'individus vulnérables a la chasse, on pourrait observer une
réduction de cette mortalité durant la saison suivante puisqu'’il resterait moins d'individus vulnérables disponibles
pour étre tués a la chasse dans la population. Le potentiel pour une compensation entre la mortalité a la chasse
a différentes saisons est particuliérement d’intérét dans le cas de la sauvagine, car ces espéces migratrices
parcourent de grandes distances et sont chassées dans différentes juridictions ot les réglementations de chasse
sont souvent différentes (Holopainen et al., 2018). Curieusement, I'hypothése d’'une compensation saisonniére
de la mortalité a la chasse ne semble pas a ce jour avoir été mise de I'avant. Une difficulté pour évaluer une
telle hypothése est qu'il faut disposer de données suffisantes (nombre d'individus et nombre d’'années) et de
bonne qualité sur une base saisonniére. Comme la collecte exhaustive de données démographiques a
différentes saisons représente un défi logistique et financier (voir section suivante), il y a peu de jeux de données
qui permettent de tester une telle hypothése. Considérant I'importance des phénomenes de compensation pour
la gestion des populations exploitées (e.g., Kokko and Lindstrom, 1998; Kokko, 2001), cette hypothése mérite

d’étre évaluée.

Effets non-létaux de la chasse

Au-dela de son impact direct sur la mortalité, la chasse peut également affecter indirectement la dynamique
d’'une population par le biais d’effets sur le comportement des individus. On parle alors d’effets non-létaux. Le
dérangement causé par la chasse pousse les individus a modifier leur comportement de maniére a échapper
aux chasseurs, soit en changeant leurs patrons d’activité, ou en sélectionnant des habitats qui leur fournissent
un refuge de la chasse (Casas et al., 2009; Madsen and Fox, 1995). Par exemple, durant la saison de chasse,
le cerf de Virginie (Odocoileus virginianus) se déplace vers des refuges sans chasse lorsqu'ils sont disponibles,
sélectionnent les habitats avec un couvert forestier plus dense, et sont davantage actifs durant la nuit (Kilgo et
al., 1998; Rhoads et al., 2013; Sullivan et al., 2018). De tels impacts du dérangement sur la sélection d’habitat
et les patrons d’activité ont également été montrés chez plusieurs espéces de canards diurnes qui s'alimentent
aussi davantage de nuit durant la saison de chasse et évitent les régions ou la pression de chasse est plus forte
(McDuie et al., 2021; Thornburg, 1973). On peut considérer ces changements comportementaux comme un
mécanisme permettant aux individus de s’adapter @ un changement important de leur environnement qui
représente pour eux un fort risque de prédation.

Chez les especes migratrices, le dérangement peut perturber le comportement de prise alimentaire et
augmenter les dépenses énergétiques a des moments critiques du cycle annuel comme durant les haltes
migratoires, ou I'hiver lorsque les besoins énergétiques pour la thermorégulation sont élevés (Béchet et al.,

2004; Madsen and Fox, 1995). Plusieurs auteurs ont émis I'hypothése que cela devrait se répercuter sur la



condition physique des oiseaux mais peu ont réussi a en faire la démonstration (Casas et al., 2009; Jamieson
etal., 2006; Sokos et al., 2013). Il faut néanmoins considérer que peu d'études ont pu tester directement I'impact
du dérangement sur la condition des oiseaux, ou bien disposent de treés peu d’années de données. Au printemps
par contre, on dispose d’éléments montrant que le dérangement causé par la chasse ou I'effarouchement dans
les terres agricoles affecte le comportement des oiseaux et a des répercussions sur leur condition physique
(Béchet etal., 2004; Féret et al., 2003; Klaassen et al., 2006; Pearse et al., 2012). Durant la migration printaniére,
les migrateurs de longue distance sont en période de fort engraissement en préparation pour la migration et la
reproduction. Les impacts du dérangement sur la condition physique sont donc plus faciles a détecter lors de
cette saison. Chez les animaux se reproduisant au moins en partie sur capital comme plusieurs espéces d'oies,
la dynamique d’engraissement durant la migration printaniére affecte I'investissement reproducteur (Béty et al.,
2003; Gauthier et al., 2003; Klaassen et al., 2017; Sharp et al., 2013). Les impacts du dérangement par la
chasse sur le comportement et la condition physique durant cette saison ont donc un fort potentiel d'affecter la

dynamique de ces populations par le biais d'une réduction de la fécondité (Klaassen et al., 2006).

Estimation de la survie en condition naturelles

Estimation de la survie a partir du marquage

L’estimation a grande échelle de paramétres démographiques comme le taux de survie d’'une population repose
principalement sur le marquage longitudinal des individus. On nomme cette technique ‘Capture-Marquage-
Recapture’ (CMR) et elle consiste a d’abord capturer et marquer un échantillon d'individus de la population
étudiée. Ceux-ci sont marqués a l'aide d’'un marqueur comportant un numéro unique, relachés, et recapturés
par la suite (Lebreton et al., 1992). Lorsqu’on recapture des individus marqués périodiquement dans le temps,
on peut estimer la proportion qui a survécu entre chaque évenement de capture. Cependant, on ne peut pas
assumer gqu’un individu qui n'est pas recapturé est nécessairement mort. Il est donc primordial d’estimer la
probabilité de détection des individus encore vivants (Kéry and Schaub, 2012; Lebreton et al., 1992). En
recapturant les individus au fil du temps, on recapture éventuellement des individus qui navaient pas été
recapturés a certaines occasions. Lorsqu’on dispose d’un grand nombre d’'individus, cela permet de modéliser
une probabilité de capturer un individu a chaque événement de capture, et donc de contrdler pour la détection
imparfaite des individus lors de 'estimation de la survie. Les premiers modeles statistiques de CMR pour estimer
la survie ont été développés dans les années 1960 (Brownie et al., 1985; Cormack, 1964; Jolly, 1965; Seber,
1965) mais ont été continuellement raffinés depuis. Le développement de modéles pouvant combiner
linformation des recaptures d'individus vivants aux observations d'individus morts ont permis d’obtenir des

estimations de survie plus précises (Burnham, 1993; Lebreton et al., 1995).



Le développement des modéles de CMR dits ‘multi-états’ a permis plusieurs avancées importantes. Dans ces
modéles, les individus sont classés selon I'état dans lequel ils se trouvent (e.g. vivant ou mort, ou encore
reproducteur ou non-reproducteur), et on modélise ensuite la probabilité que les individus transitionnent entre
ces états a travers le temps (Lebreton et al., 2009; Nichols et al., 1992). Cette approche permet de combiner
facilement différents types de données dans le méme modéle (e.g. observations d’individus vivants et
récupération d'individus morts) et offre des solutions & des problémes spécifiques comme l'estimation de la
perte de marqueurs auxiliaires (Conn et al., 2004; Juillet et al., 2011). Par exemple, on peut calculer le taux de
perte de ces marques en modélisant la perte comme une transition entre états (e.g. de ‘vivant avec marque
auxiliaire’ vers ‘vivant sans marque auxiliaire’). Une autre application intéressante des modéles multi-états est
qu’en modélisant la mortalité de différentes sources avec des états différents (e.g. mort de causes naturelles
vs. mort par la chasse), on peut estimer |a probabilité de transition d'un individu vivant vers 'un ou I'autre de ces
états, et donc mesurer la contribution de chacune de ces sources de mortalité a la mortalité totale (Schaub and
Pradel, 2004). Sans surprises, ces modeles se sont avérés utiles pour tester les hypothéses de mortalité
compensatoire et additive. En calculant la relation entre différentes sources de mortalité, on peut mesurer si la
mortalité naturelle compense ou non la mortalité a la chasse (e.g., Schaub and Lebreton, 2004; Servanty et al.,
2010). Finalement, le raffinement des modéles multi-états vers des modeles multi-événements a aussi permis
de tenir compte de l'incertitude dans I'assignation des états (Pradel, 2005). En dissociant le vrai état dans lequel
se trouve un individu des observations, qu'on appelle ici ‘événements’, on peut mieux gérer les situations ou par

exemple certains états sont non-observables (e.g., Souchay et al., 2014).

Avantages et inconvénients des marqueurs auxiliaires

Lorsqu'on marque des individus sauvages, ceux-ci sont idéalement identifiés avec des marqueurs discrets qui
n’affectent pas leurs traits vitaux. Chez les oiseaux, on utilise de petites bagues métalliques fixées aux pattes
des individus mais on peut également utiliser en plus certains marqueurs dits ‘auxiliaires’. Ces marqueurs plus
gros et trés voyants permettent d'identifier les individus a distance sans avoir besoin de les capturer
physiquement, ce qui confére plusieurs avantages. Les plus importants sont d’augmenter significativement les
probabilités que les individus soient observés, et permetire la récolte d’observations a tout moment de 'année
et a des sites différents du site de marquage. Ceci est particulierement utile avec les oiseaux migrateurs qui
parcourent souvent de grandes distances tout au long de I'année et visitent de nombreux sites. L'observation a
distance d'individus portant des marqueurs auxiliaires permet d'obtenir des données qu'il serait difficile d’obtenir
autrement, comme le mouvement d'individus entre différentes régions (Alisauskas et al., 2012; Hestheck et al.,
1991) ou encore le statut des individus (e.g., Souchay et al., 2014). La récolte d'observations a différentes
saisons permet également I'estimation de la survie sur une base saisonniéere et non uniquement sur une base

annuelle. Cela nous donne une connaissance plus fine de la démographie d'une espéce car on peut alors cerner



les périodes du cycle annuel ou la mortalité est plus importante et mieux comprendre les causes de cette

mortalité.

Toutefois, & cause de leur taille et de leur visibilité, les marqueurs auxiliaires sont plus invasifs et plus
susceptibles d’affecter le comportement ou les paramétres démographiques des individus (e.g., Johnsen et al.,
1997; Barron et al., 2010; Saraux et al., 2011). Un cas classique est I'utilisation de colliers chez les oies, qui ont
été utilisés durant de nombreuses années sur virtuellement toutes les espéeces d'oies étudiées (e.g., Schmutz
and Morse, 2000; Alisauskas and Lindberg, 2002; Alisauskas et al., 2006; Fox et al., 2014). Cependant, chez
presque toutes ces espéces, on a éventuellement trouvé des effets négatifs des colliers sur différents
paramétres comme le comportement, la reproduction et méme la survie, ce qui a mené a l'arrét de leur utilisation
dans beaucoup de cas (Caswell et al., 2012 et références s'y trouvant). Pour des raisons éthiques évidentes
mais également pour s’assurer d’obtenir des données non-biaisées, il est essentiel de bien cerner I'impact des
marqueurs utilisés pour s'assurer qu'ils n'ont pas d'effet sur les parametres étudiés. Dans le cas d'études a long
terme, il est important d’étre vigilant et de tester régulierement I'effet des marqueurs utilisés car il est possible

que des impacts apparaissent ou changent avec le temps.

Le cas de la grande oie des neiges

Considérations biologiques et traits d’histoire de vie

L'oie des neiges (Anser caerulescens) est une espéce migratrice d’'une grande valeur socio-économique. Les
oies sont chassées historiquement en Amérique du Nord depuis des centaines d’années, et sont également la
source d'importantes retombées économiques liées a I'écotourisme pour I'observation des oies durant la
migration (Bélanger et al., 2007). La grande oie des neiges (A. caerulescens atlanticus) est une sous-espéce
d'oie des neiges qui hiverne sur la cote est des Etats-Unis, se reproduit dans I'est du haut-Arctique canadien et
fait une halte migratoire de plusieurs semaines au Québec dans les basses terres du Saint-Laurent au printemps
et a 'automne (Mowbray et al., 2020). Particuliérement au printemps, la halte migratoire est une étape critique
de leur cycle annuel car les oies accumulent des réserves endogénes pour la migration et la reproduction
(Gauthier et al., 2003, 1992). Les conditions en vigueur lors de la halte migratoire ont donc un fort potentiel
d'affecter I'investissement reproducteur des oies. On a une excellente connaissance de I'écologie de cette
espéce principalement grace & un programme de suivi de la reproduction et de marquage établi en 1990 & Ile
Bylot, Nunavut, un site abritant la plus importante colonie de nidification de cette sous-espéce connue a ce jour
(Cadieux, 2023; Reed et al., 1998).

La grande oie des neiges est une espéce relativement longévive. Les adultes ont un taux de survie élevé (~0.80)
relativement stable (Gauthier et al., 2001), vivent en moyenne 5 a 6 ans (Gauthier and Lebreton, 2004), mais

peuvent survivre jusqua plus de 20 ans en conditions naturelles (LeTourneux, données non-publiées).



L'investissement dans la reproduction est fortement influencé par la condition physique des femelles, et celles-
ci peuvent méme sauter un événement de reproduction si leur condition est trop faible, ce qui leur octroie de
meilleurs chances de survie et donc de pouvoir se reproduire a nouveau par la suite (Béty et al., 2003; Souchay
et al., 2014). L’espéce niche en Arctique, un milieu caractérisé par une forte stochasticité environnementale, ce
qui a des répercussions sur sa démographie (Reed et al., 2004). Par exemple, les conditions environnementales
durant la période de croissance des jeunes affectent leur taille & I'envol, au moment de quitter I'aire de
reproduction (Doiron et al., 2015). Cela se produit notamment lorsqu'il y a un fort décalage entre la date du pic
de qualité nutritive des plantes dont ils se nourrissent et la date d'éclosion des oisons (Lepage et al., 1998;
Doiron et al., 2015). Les conditions environnementales pourraient alors avoir un impact important sur la survie
des jeunes de 1¢ année et expliquer pourquoi ce parametre varie fortement entre les années (0.1-0.7; Lepage
et al., 2000; Menu et al., 2005; Calvert and Gauthier, 2005). La dynamique de population des oies est donc
caractérisée par un taux de survie adulte élevé et peu variable, et un investissement reproducteur modulé en
fonction de leur condition physique pour maximiser leur survie (Béty et al., 2003; Gauthier et al., 2001). Ces
caractéristiques en font une espéce avec une stratégie d'histoire de vie similaire aux espéces décrites comme
K-sélectionnées. Conséquemment, selon la théorie des traits d’histoire de vie, le trait de cette espéce qui est le
plus canalisé et a le plus fort potentiel d’affecter la croissance de sa population est la survie des adultes (Gauthier
and Brault, 1998).

Démographie de la grande oie des neiges au XXe siécle

A T'instar de plusieurs espéces d'oies en Amérique du Nord, la grande oie des neiges a connu des fluctuations
de population importantes au cours du dernier siécle, principalement en réponse aux activités humaines
(Gauthier et al., 2005; Lefebvre et al., 2017). Au début des années 1900, la taille de la population était estimée
entre 2000 et 3000 individus (White and Lewis, 1937), un faible nombre probablement dd a la pression de
chasse trop élevée au cours du XIXe siécle. La population de la grande oie des neiges a ensuite augmenté
lentement durant la premiére moitié du XXe siecle suite a une protection stricte de I'espéce (interdiction de
chasse aux Etats-Unis et saison d’automne trés limitée au Canada; White and Lewis, 1937) aprés la signature
de la Convention sur les oiseaux Migrateurs en Amérique du Nord (Anonymous, 1917). Le nombre de grandes
oies des neiges a d’abord atteint environ 40 000 individus a la fin des années 1960 pour ensuite croitre plus
rapidement et atteindre 150 000 individus au milieu des années 1970 (Menu et al., 2002; Reed et al., 1998).
Suite a cette reprise, la réouverture d’'une saison de chasse aux Etats-Unis en 1975 a doublé la récolte et induit

une stabilisation de la population jusqu’en 1985 (Gauthier et al., 2005).

Au début des années 1980, les oies ont commencé a se nourrir de fagon significative dans les champs agricoles
(mais, céréales) qui sont devenus une partie importante du paysage américain et québécois. Cela a mené a

des changements majeurs dans leur distribution et leur route migratoire (Gauthier et al., 2005), leur a permis
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d'éviter en partie certains secteurs avec une forte pression de chasse (Calvert et al., 2005) et a ultimement
mené a une seconde phase de croissance de la population (Fig. 0.1; Gauthier et al., 2005). A ce moment, les
oies ont presque complétement délaissé les marais naturels ou elles s'alimentaient au début du siécle pour se
nourrir presqu’exclusivement dans les milieux agricoles en hiver et au printemps, ce qui est suggéré par
plusieurs auteurs comme la principale cause de la taille inégalée de nombreuses populations d'oies a I'aube du
XXle siécle, incluant I'oie des neiges (Fox and Abraham, 2017; Fox and Madsen, 2017; Gauthier et al., 2005;
Lefebvre et al., 2017). A ce moment, la population de la grande oie des neiges se chiffrait aux alentours d’un
million d'individus (Fig. 0.1).
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Figure 0.1 Taille de population de la grande oie des neiges au printemps entre 1967 et 2023. Les estimations
sont fournies par le Service Canadien de la Faune et sont obtenues par survol aérien (détails dans I'’Appendice
S3.2).

Role écologique de 'oie des neiges

La grande oie des neiges occupe un réle central dans les écosystemes arctiques ou elle se reproduit, notamment
a cause de son influence sur les interactions trophiques. Leur abondance et leur grégarité font de cet herbivore
une ressource alimentaire importante durant I'été pour plusieurs prédateurs comme les labbes (Stercorarius
spp.), les goélands (Larus spp.) et surtout les renards arctiques (Vulpes lagopus; Gauthier et al., 2004). La
présence des oies permet de tamponner les fortes variations interannuelles dans les ressources disponibles
pour ces prédateurs induites par les fluctuations cycliques des populations de lemmings (Gauthier et al., 2004;

Giroux et al., 2012), leur proie principale (Schmidt et al., 2012; Therrien et al., 2014).
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Les populations d'oies surabondantes peuvent également avoir des impacts négatifs importants sur les
écosystémes qu'elles utilisent (Gauthier et al., 2006). En Arctique par exemple, on a montré que l'intensité du
broutement par les oies affecte les communautés végétales en favorisant la dominance de certaines espéces
(Nishizawa et al., 2021). Le broutement par les oies réduit également significativement la biomasse aérienne et
I'accumulation de litiere végétale (Gauthier et al., 1995; Valéry et al., 2010), ce qui peut méme affecter la vitesse
de formation du pergélisol (Deschamps et al., 2023). Dans certains cas extrémes comme pour la petite oie des
neiges (Anser caerulescens caerulescens) dont la population a atteint plusieurs millions d'individus (Alisauskas
et al., 2022), les impacts du surbroutement de la végétation arctique peuvent étre dévastateurs et mener a une
dégradation sévére des habitats qu'elles utilisent (Abraham et al., 2005; Handa et al., 2002; Srivastava and
Jefferies, 1996). Cela a également des répercussions pour les autres espéces abritées par ces écosystémes
(e.g. Samelius and Alisauskas, 2009; Peterson et al., 2014; Flemming et al., 2019). Dans le cas de la grande
oie des neiges, on a également montré qu’elle peut nuire a des espéces avec lesquelles elle partage les mémes
prédateurs en permettant a ces derniers de maintenir des tailles de populations élevées malgré les fluctuations
importantes dans la disponibilité des autres ressources alimentaires (Beardsell et al., 2023; Duchesne et al.,
2021; Lamarre et al., 2017).

Mesures de gestion pour contrdler la surabondance des oies des
neiges

Considérant l'important réle tant socio-économique qu’écologique de la grande oie des neiges, il était primordial
de gérer cette population de maniéere a conserver une taille de population raisonnable, tout en évitant les forts
impacts négatifs potentiels liés a la surabondance (Jefferies et al., 2003). Ce constat a motivé une évaluation
de la situation par un conseil d’experts en 1998 et a mené a des recommandations pour arréter la croissance
de cette population pendant que c’était encore possible (Batt, 1998). Les mesures proposées visaient a éviter
une dégradation irréversible des écosystémes arctiques et des milieux humides utilisés par les oies lors de la
migration. Le Service Canadien de la Faune et le U.S. Fish & Wildlife Service ont donc collaboré pour instaurer
des mesures de gestion exceptionnelles a la fin du XXe siecle visant a stabiliser la population entre 500 000 et
750 000 oiseaux (Lefebvre et al., 2017). Ces organismes ont conjointement libéralisé les réglements de chasse
dans leurs juridictions respectives, notamment en augmentant les limites de prises et de possession lors des
saisons de chasse réguliéres, et en permettant I'utilisation de techniques prohibées jusqu'alors comme
I'appéatage et 'utilisation d’appeaux électroniques (Lefebvre et al., 2017). Les mesures les plus importantes ont
cependant été d'établir de nouvelles saisons de chasse spéciales. Une saison de chasse spéciale légalement
appelée ‘Spring Conservation Harvest' a donc été instaurée au printemps en 1999 au Canada. Aux Etats-Unis,
on a subséquemment instauré le ‘Conservation Order’, une saison de chasse spéciale a partir du milieu de
Ihiver et s’étendant jusqu’au départ des oies en migration au printemps. Cependant, cette mesure n'a été

appliquée qu’a partir de 2009, car des contestations juridiques par des groupes de protection des animaux ont
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repoussé son instauration d'une décennie (Lefebvre et al., 2017). Ces deux dernieres mesures étaient sans
précédent et de loin les plus audacieuses puisque la récolte de tout oiseau migrateur entre le 10 mars et le 1€
septembre était auparavant prohibée depuis la signature de la Convention des oiseaux migrateurs en 1918
(Anonymous, 1917).

Effet & court terme des mesures de gestion

Une premiére évaluation de limpact des mesures spéciales au Canada sur différents parameétres
démographiques des oies a eu lieu dans les premiéres années suivant leur instauration. L'effet le plus évident
a été une diminution du taux de survie des adultes, ce qui était I'objectif principal découlant des
recommandations émises dans le rapport de 1998 (Batt, 1998; Calvert and Gauthier, 2005). Par contre, cette
mesure ne semble pas avoir affecté le taux de survie des juvéniles de premiére année (Calvert and Gauthier,
2005). De plus, on a trouvé plusieurs impacts du dérangement par la chasse sur la dynamique d’engraissement
etla condition prénuptiale des oies durant la halte migratoire printaniere. En effet, Béchet et al. (2004) ont montré
que la chasse intense dans les terres agricoles au printemps a mené a une diminution de I'utilisation de ces
habitats au profit des milieux humides, malgré que les champs procurent une source de nourriture plus profitable
en termes d’engraissement au printemps (Bédard and Gauthier, 1989). De plus, le dérangement constant dans
ces milieux a forcé les oies a voler sur de plus grandes distances pour trouver des sites d’alimentation, ce qui a
eu un impact double sur leur dynamique d’engraissement puisqu’elles dépensent alors plus d’énergie en vol, et
passent moins de temps a s'alimenter (Béchet et al., 2004). Finalement, Féret et al. (2003) ont montré que la
condition physique des oies avant le départ pour la migration était plus faible aprés l'instauration de la chasse
printaniére. Comme une partie des ressources accumulées sur la halte migratoire sont investies dans la
reproduction, cette mesure a également eu des répercussions néfastes sur la productivité de la population
(Mainguy et al., 2002; Morrissette et al., 2010). Globalement, ces mesures ont atteint leur objectif initial de
réduire le taux de survie des adultes, le paramétre avec le plus fort potentiel d’affecter la croissance de cette
population (Calvert and Gauthier, 2005; Gauthier and Brault, 1998). Cela a en partie eu l'effet escompté
puisqu’elles ont mené a un arrét de la croissance de la population qui s’est depuis maintenue entre 700 000 et
1000 000 d'individus (Fig. 0.1; Lefebvre et al., 2017).

Effets & long-terme des mesures de gestion

Bien que les mesures de gestion par la chasse aient globalement eu les effets escomptés sur la population de
la grande oie des neiges, notre compréhension des impacts de la chasse sur la démographie des oies demeure
rudimentaire. D’abord, les évaluations dont on dispose des effets de ces mesures sur les paramétres
démographiques des oies ne couvrent que les 5 premiéres années apres leur instauration au Canada et nous

ignorons si ces effets ont perduré dans le temps. Compte tenu de la capacité d’adaptation des oiseaux aux
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changements dans leur environnement (voir plus haut), il est possible qu'elles aient modifié leur comportement
afin d'atténuer les impacts négatifs de la chasse sur leur traits vitaux. De plus, aucune évaluation de I'impact de
l'ajout des mesures spéciale aux Etats-Unis en 2009 n’a été faite. Il était attendu, compte tenu de la théorie et
de notre connaissance de I'espéce, que cette mesure permettrait de réduire la taille de la population qui s’était
stabilisée depuis 1999, mais ce n’est pas ce qu'on observe (Fig. 0.1; Lefebvre et al., 2017). Les raisons de cette

contradiction demeurent inconnues pour l'instant.

Force est donc de constater que la théorie et les connaissances actuelles ne concordent pas complétement
avec l'information dont on dispose. Plusieurs questions restent sans réponses et motivent les travaux de ma
thése. Premierement, on ne sait pas si les impacts de la chasse de printemps sur la dynamique d’engraissement
et la condition physique des oies sont toujours présents aujourd’hui. Les communautés de chasseurs sont
unanimes sur le fait que les oies sont beaucoup plus difficiles a chasser aujourd’hui qu'il y a 20 ans, car elles
ont appris a reconnaitre les dispositifs de chasse (e.g., appelants dans les champs). Il est donc logique de

penser que les oies pourraient s'étre habituées a cette mesure aprés y avoir été exposées pendant 20 ans.

Ensuite, on a une compréhension limitée de Iimpact relatif des mesures instaurées au Canada et aux Etats-
Unis sur la survie des oies. En effet, plusieurs mécanismes pourraient expliquer qu’'on n'observe pas de
changements majeurs dans la taille de population des oies depuis 25 ans malgré les mesures de gestion
spéciales implantées aux Etats-Unis en 2009. Il est possible que ces mesures de gestion n'aient pas eu l'impact
escompté sur la survie ou encore que I'effet de ces mesures ait été compensé par une diminution de I'efficacité
des mesures au Canada. Pour répondre a ces gquestionnements, il est nécessaire de quantifier la contribution
relative de chacune de ces mesures aux variations du taux de survie des adultes de cette population et donc de

déterminer de maniére fiable la survie des oies sur une base saisonniére.

L'estimation de la survie des oies par saison tout au long de I'année ne peut se faire que par I'observation
d’individus portant des marqueurs auxiliaires, en I'occurrence les fameux colliers observables a distance. Aucun
impact de ces marqueurs n'a été décelé auparavant sur la survie de la grande oie des neiges (Menu et al., 2000;
Reed et al., 2005) méme si des impacts négatifs sur la condition physique et l'investissement reproducteur ont
été rapportés (Legagneux et al., 2013; Reed et al., 2005). Il était néanmoins important de valider I'absence
continue d'un impact des colliers sur la survie des individus au fil du temps dans cette étude, en particulier avec

la forte augmentation de la pression de chasse induite par la libéralisation des réglements depuis 20 ans.

Finalement, il était important de déterminer si la survie des juvéniles a été affectée ou non par les changements
réglementaires de la chasse. Comme ce paramétre est trés variable dans le temps, il est possible qu’un tel effet
ne puisse étre détecté qu’avec plusieurs années de données, ce qui n’était pas disponible dans les études

précédentes (e.g. Calvert and Gauthier, 2005). De plus, compte tenu du fort impact des conditions
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environnementales et en particulier du décalage trophique sur la croissance des juvéniles (Dickey et al., 2008;
Doiron et al., 2015), il était intéressant de déterminer comment ce phénomeéne affecte ultimement le taux de

survie des juvéniles en combinaison avec les changements de réglements de chasse.

Objectifs de la thése

Cette these a comme objectif principal d’améliorer notre compréhension des impacts de la chasse a différents
moments du cycle annuel sur les parametres démographiques (survie, reproduction) et leurs déterminants chez
une espece aviaire migratrice et longévive, la grande oie des neiges. Notamment, je tente de comprendre I'effet
de la chasse sur la survie annuelle et saisonniere des adultes, ainsi que sur leur condition physique précédant
le départ en migration vers les aires de reproduction, un déterminant important de l'investissement reproducteur
(Béty et al., 2003). Puisque les connaissances disponibles indiquent que les conditions environnementales
estivales en Arctique seraient le déterminant principal de la survie des juvéniles (Menu et al., 2005), je tente
également de comprendre comment l'effet de la chasse différe en fonction de I'age. Pour atteindre cet objectif
au sein d’'une population naturelle, je bénéficie d’'une étude a long-terme sur 30 ans et surtout d’une situation
quasi-expérimentale, soit I'instauration d’'une saison de chasse spéciale de printemps au Canada apres 10 ans
de suivi (en 1999) et d’'une saison de chasse spéciale & 'hiver aux Etats-Unis 10 ans plus tard (& partir de 2009).
Ces modifications de la pression de chasse a 10 ans d'intervalle peuvent étre vues comme une manipulation a

grande échelle de la population.

Le premier chapitre de cette thése a pour but de déterminer si I'impact de la saison de chasse spéciale
printaniére établie au Canada en 1999 a eu un effet soutenu sur la condition physique et I'utilisation d’habitat
des femelles adultes durant la halte migratoire. Puisque la chasse de printemps est en place depuis plus de 20
ans, 'absence d’années récentes sans chasse printaniére auxquelles comparer la condition des oies était
problématique. Cependant, nous avons bénéficié du confinement lié a la COVID-19 qui a causé une réduction
importante de la pression de chasse au printemps 2020. Cette année récente avec une intensité de chasse tres
réduite a permis de comparer les dynamiques d’'engraissement actuelles avant et pendant cette année
particuliére, minimisant ainsi de potentiels effets confondants liés a des changements environnementaux a long-

terme.

Le second chapitre a pour objectif de confirmer les résultats du premier chapitre dans une optique de réplication
de résultats scientifiques. Puisque le premier chapitre s’appuie principalement sur deux années récentes, soit
juste avant et pendant la COVID-19 (2019 et 2020), nous validons les résultats et interprétations du premier

chapitre en incluant des données provenant de deux années supplémentaires (2021 et 2022) post-COVID.
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L'objectif du troisiéme chapitre est d'évaluer la présence d’une interaction possible entre I'impact du port d'un
marqueur auxiliaire, en l'occurrence un collier, et de la libéralisation des reglementations de chasse au fil du
temps sur la survie annuelle des oies. Je teste 'hypothése que la combinaison de ces deux sources de stress
résulte en un impact synergique sur la probabilité de survie des oies. Le développement du modéle d’analyse
statistique sur une base annuelle dans ce chapitre et la présence d’un effet potentiel du marqueur auxiliaire ont

servi de fondation pour le développement du modele saisonnier utilisé pour mon chapitre suivant.

Le quatriéme chapitre a pour objectif de déterminer I'impact relatif des deux modifications majeures aux
réglements de chasse sur la survie des oies aux saisons auxquelles ces mesures ont été mises en place. Ces
mesures sont la saison de chasse spéciale de printemps établie au Canada en 1999 ainsi que la saison de
chasse spéciale instaurée a I'hiver aux Etats-Unis en 2009. Un second objectif de ce chapitre est de tester
I'hypothése d’'une compensation saisonniére entre les mortalités a la chasse a I'hiver et au printemps aprés

I'instauration de la saison de chasse spéciale en hiver.

Finalement, le cinquiéme et dernier chapitre de cette thése a pour objectif d'identifier les principaux déterminants
de la survie des juvéniles de premiére année. J'examine la contribution relative de impact d'un décalage
trophique entre la date d’éclosion des oisons et le pic de qualité nutritive des plantes et de l'impact des
changements de réglements de chasse sur leur survie annuelle. Je teste I'hypothése que les conditions
environnementales estivales sur les aires de reproduction seront le principal déterminant de la survie des
juvéniles de premiére année. Cela permet de déterminer si la chasse affecte différemment les adultes et les

juvéniles.

En répondant a ces questions, ma thése permettra de brosser un tableau plus complet de I'état des facteurs qui
affectent la dynamique de cette population. Ultimement, cela nous offrira une meilleure compréhension des
effets que peuvent avoir la chasse a différentes saisons sur la dynamique de population d’'une espéce aviaire

migratrice et longévive.
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Chapitre 1 — COVID19-induced reduction in human
disturbance enhances fattening of an
overabundant goose species

Capture d'oies a I'Tle-aux-Oies, Québec, durant le confinement du printemps 2020

Référence de la publication :

LeTourneux, F., Grandmont, T., Dulude-de Broin, F., Martin, M.-C., Lefebvre, J., Kato, A., Béty, J., Gauthier, G.,
Legagneux, P., 2021. COVID19-induced reduction in human disturbance enhances fattening of an
overabundant goose species. Biol. Conserv. 255, 108968. DOI:10.1016/j.biocon.2021.108968
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1.1 Résumé

Les espéces surabondantes peuvent avoir des impacts majeurs sur leurs habitats et induire des cascades
trophiques au sein des écosystémes. En Amérique du Nord, la population surabondante de la grande oie des
neiges (Anser caerulescens atlanticus) est controlée par une chasse spéciale de printemps depuis 1999. La
chasse est une source de mortalité mais également de dérangement, ce qui affecte le comportement et la
dynamique d’engraissement des oies durant la halte migratoire. En 2020, le confinement imposé par la
pandémie de COVID19 a réduit l'intensité de la chasse au Québec durant la halte migratoire printaniere d'au
moins 31%. Cela a fourni une opportunité unique d'évaluer les effets d’une réduction subite du dérangement
causé par la chasse sur les oies. Nous avons utilisé des données a long terme de condition physique des oies
combinées a des données sur le mouvement des oies suivies par GPS en 2019 et en 2020 pour déterminer les
effets du confinement de 2020 sur leur condition physique et leur comportement au printemps. La condition
physique des oies était plus élevée en 2020 que durant toutes les autres années depuis l'instauration de la
chasse de printemps sauf 2019. Cependant, en 2020 les oies on atteint leur condition physique maximale plus
tét au printemps que durant toutes les autres années, et elles ont réduit de moitié leur temps passé a s'alimenter
dans les champs agricoles, des habitats hautement profitables mais risqués, par rapport a 2019. Bien que notre
étude n’ait pas été congue pour évaluer les impacts du confinement, la réduction du dérangement en 2020
supporte I'hypothése que celui-ci affecte négativement la dynamique d’engraissement et la condition physique
des oies. Puisque la condition physique printaniére est liée au succes reproducteur, le confinement pourrait

avoir augmenté la productivité de cette population surabondante.

Mots clés: Confinement COVID19 - Chasse - Dérangement - Condition physique - Oie des neiges - Utilisation
d’habitat
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1.2 Abstract

Overabundant species can have major impacts on their habitat and induce trophic cascades within ecosystems.
In North America, the overabundant greater snow goose (Anser caerulescens atlanticus) has been successfully
controlled through special spring hunting regulations since 1999. Hunting is a source of mortality but also of
disturbance, which affects the behavior and nutrient storage dynamics of staging snow geese. In 2020, the
lockdown imposed by the COVID19 pandemic reduced hunting activity during their migratory stopover in Québec
by at least 31%. This provided a unique opportunity to assess the effects of a sudden reduction in hunting
disturbance on geese. We used long-term data on body mass combined with movement data from GPS-tracked
hirds in 2019 and 2020 to assess the effects of the 2020 lockdown on the spring body condition and behavior of
greater snow geese. Body condition was higher in 2020 than in all years since the inception of spring hunting in
1999, except for 2019. However, in 2020 geese reached maximal body condition earlier during the staging period
than in any other year and reduced by half time spent feeding in highly profitable but risky agricultural habitat in
late spring compared to 2019. Although our study was not designed to evaluate the effects of the lockdown, the
associated reduction in disturbance in 2020 supports the hypothesis that hunting-related disturbance negatively
affects foraging efficiency and body condition in geese. Since spring body condition is related to subsequent
breeding success, the lockdown could increase productivity in this overabundant population.

Keywords: COVID19 lockdown - Hunting - Disturbance - Body condition - Snow geese - Habitat use
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1.3 Introduction

Predictable anthropogenic food subsidies, such as agriculture, livestock, fishing or waste, can be responsible
for major changes in natural communities and ecosystem functioning (Oro et al., 2013). Exploitation of subsidies
by wildlife is thought to have largely contributed to the demographic explosion of many species (Castro et al.,
2005; Fox and Abraham, 2017; Oro et al., 2013; Rotem et al., 2011). Overabundant species that depend on
those subsidies can have major impacts on their habitat and induce trophic cascades within ecosystems
(Allombert et al., 2005; Flemming et al., 2019; Jefferies et al., 2004; Lamarre et al., 2017). The onset of industrial
agricultural practices in North America provides a prime example as it was a key component in the
unprecedented increase of many goose populations, and led to severe overgrazing of some tundra ecosystems
(Abraham et al., 2005; Gauthier et al., 2005; Jefferies et al., 2004).

Hunting can be an effective tool to manage overabundant populations because it impacts survival and its effect
is easily controlled through regulations (Cromsigt et al., 2013). The greater snow goose (Anser caerulescens
atlanticus), a migratory species breeding in the Canadian Arctic, was declared overabundant after it underwent
radical population growth and increased from ~25 000 to over 1 000 000 individuals between 1965 and 1999
(Gauthier et al., 2005, Lefebvre et al., 2017). In 1998, wildlife management authorities liberalized hunting
regulations for this species to stop population growth and prevent the potentially devastating impacts that such
numbers of geese could have on tundra plant communities (Batt, 1998; Reed and Calvert, 2007). The most
significant measure implemented was a special spring hunting season (legally referred to as the Conservation
Harvest) introduced in 1999 in the Québec province, followed by a new extended winter hunting season with
very liberal hunting regulations (the Conservation Order) introduced in winter 2009 in Eastern USA. These
management actions were a success as the population stopped growing and has been oscillating between
750 000 and 1 000 000 individuals since 1999 (Lefebvre et al., 2017). From 1999 onwards, snow geese were
hunted almost year-round: from their arrival on the Québec staging grounds in early fall until their departure from
the same staging grounds to the Arctic in the following spring. This dramatic increase in hunting pressure induced
a reduction in population growth primarily through a decrease in adult survival, which declined from 83.0% in
1990-1998 to 72.5% in 1999-2002, the first years of the Conservation Harvest (Calvert and Gauthier, 2005).

Because overabundant geese also cause damage to farmlands (Filion et al., 1998), the Québec agricultural
producers’ union has been conducting organized scaring activities to limit depredation since 1999. People are
hired to patrol agricultural areas and drive geese away from fields in a coordinated effort. Disturbance caused
by hunting and scaring activities can have major impacts on several waterfowl species (Bélanger and Bédard,
1990; Madsen, 1995; Madsen and Fox, 1995). In greater snow geese, such disturbances during staging increase
energy expenditure and reduce nutrient storage and overall body condition prior to the spring migration to the

Arctic (Béchet et al., 2004; Féret et al., 2003). A reduction in body condition during a critical part of the annual
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cycle when geese are fattening has been shown to negatively affect breeding (Béty et al., 2003; Legagneux et
al., 2012). Indeed, in the first two years following the implementation of the Conservation Harvest, body condition
of nesting geese was reduced by 28%, breeding propensity was dramatically reduced, laying date was delayed
by 2-7 days and clutch size was reduced by 1.5 eggs (Mainguy et al., 2002). The recruitment rate of females
into the breeding population and the proportion of young in the fall flock also declined after implementation of
the Conservation Harvest (Juillet et al., 2012; Morrissette et al., 2010).

In spring 2020, the lockdown imposed in response to the COVID19 pandemic provided an unprecedented
opportunity to document how wildlife responds to large-scale reductions in human activities (Bates et al., 2020;
Corlett et al., 2020; Manenti et al., 2020; Rutz et al., 2020). In Québec, the government declared a generalized
lockdown on March 16, 2020, which was fully enforced by March 23 and lasted until May 4, after which
restrictions were gradually lifted over the next 4 weeks. During the lockdown, all economic activities, except
essential services such as agriculture, were stopped and people were largely confined in their homes, with
movements between regions forbidden. We anticipated that the lockdown reduced hunting pressure and scaring
activities on greater snow geese staging in southern Québec. Reductions in hunting and scaring disturbance on
the main stopover area has a strong potential to positively affect the foraging efficiency, energy budget and
spring body condition of geese, which could lead to higher reproductive output in the subsequent breeding

season (Morrissette et al., 2010).

The negative impacts of the spring Conservation Harvest on goose body condition were driven by changes in
movements and behavior, as documented through a before-after-impact design by Béchet et al. (2003, 2004),
and Féret et al. (2003). In this study we first determine the magnitude of the reduction in hunting activity
associated with the lockdown. Using data from previous studies (collected in 10 springs between 1979 and
2009), along with new data acquired in 2019 and 2020, we then assess the impact of a reduction in hunting
pressure on the behavior and body condition of spring staging geese.

Agricultural fields provide a high-quality foraging habitat for geese due to the presence of nutrient-rich crops
(Bédard and Gauthier, 1989; Giroux and Bergeron, 1996); however, they are a riskier habitat than marshes
because geese are exposed to hunters unlike in marshes where hunting is forbidden in spring. Geese usually
commute daily between roosting sites in marshes, where some feeding can also occur, to farmlands which are
predominantly used for foraging. Geese foraging in fields are exposed to disturbance and threats like scaring by
farmers protecting their crops and, most importantly, hunting since 1999. The Conservation Harvest disrupted
goose foraging behavior in agricultural fields by shortening foraging bouts and increasing flying time, which
ultimately reduced their energy intake (Béchet et al., 2004). During spring 2020, we would expect a dampening

of these conditions as a reduction in disturbance should lead to longer, uninterrupted foraging bouts, less time
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spent flying and an increased energy intake rate in agricultural fields, particularly in the first half of staging when
the lockdown was strictest. Based on this hypothesis, we predicted that during the COVID19 lockdown, staging
geese should accumulate more nutrient reserves, and reach a better body condition more rapidly compared to
previous years. We also predicted that geese should spend less time in risky agricultural fields at the end of the
staging period, when we were able to track their movements. Indeed, if nutrient accumulation was more rapid in
2020 than in 2019 as expected, hirds in good condition near the end of the staging period should be less prone
to use a riskier habitat (cropfields) where hunting could occur, than the marsh habitat where hunting was always
prohibited.

1.4 Methods

1.4.1 Data acquisition

Study model and site

Greater snow geese winter along the Atlantic coast of the United States and breed in the eastern high Arctic
(Fig. 1.1). In spring, they migrate north through eastern Canada and stage in southern Québec between late
March and late May (Reed et al., 1998). During this stopover, geese fatten up as they accumulate the large
endogenous reserves needed to complete their migration and subsequent reproduction (Gauthier et al., 1992,
2003). Traditionally, snow geese fed on Schoenoplectus americanus in tidal marshes, but have been
increasingly relying on corn and hay in farmlands since the 1980s, a higher-quality food source (Bédard and
Gauthier, 1989; Gauthier et al., 2005). Since 1999, hunting occurs from April 15" to May 315t in Québec (April
1st since 2000) and solely takes place on agricultural lands, inducing potential trade-offs between the risk of
getting shot and the access to highly profitable food resources (Béchet et al., 2004).

Capture procedures

Geese were captured in spring during the migratory staging period at {le-aux-Oies (47°08N 70°29W, Fig. 1.2),
a small agricultural island in the Saint-Lawrence estuary, 60 km northeast of Québec City (Canada). We used
baited canon-nets placed in fields to capture geese between late April and mid-May every year between 2006
and 2009 as well as in 2019 and 2020 (see Morez et al., 2000 for details and Fig. S1.1 for timing of captures).
The firing of cannon-nets (6 to 15 cannon-netting events over a 3-week period) represents a negligible source
of disturbance for the goose population considering that this activity occurred over <0.01% of the area used by
staging geese in spring. Adults were sexed based on cloacal examination. Females were weighed to the nearest
gram with an electronic balance and culmen and tarsus were measured to the nearest 0.1mm using calipers (n=
499 in 2006, 715 in 2007, 650 in 2008, 686 in 2009, 370 in 2019 and 193 in 2020). Large adult females were
equipped with GPS-GSM collars (OrniTrack-N44 - neck collar solar-powered GPS-GSM tracker, 45g,
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approximately 1.5% body mass) in 2019 (n=10) and 2020 (n=5) and were tracked ever since. Collars were
programmed to record location every 5 minutes from 3:00AM to 11:00PM. Geese were released together either
immediately after handling when captures occurred during the day or the following morning when handling ended
after dark to avoid disorientation. In 2020, special protective equipment was used when handling birds to avoid
any cross-contamination between human and geese (Frederick et al., 2021). All manipulations conducted in
2019 and 2020 were approved by the Committee of Animal Protection of our institution.

Figure 1.1 Map of the breeding (purple), wintering (yellow) and staging areas (red star) of the migratory greater
snow goose population. The hatched polygon represents the migratory flyway. This map was modified from
Lefebvre et al. (2017).

23



To compare goose body condition between years, we retrieved original data on geese collected in 1979 and
1980 by Gauthier et al. (1984), in 1989 and 1990 by Gauthier et al. (1992), and in 1999 and 2000 by Féret et al.
(2003). In 1979 and 1980, geese were shot throughout the staging grounds under special scientific permit, stored
frozen in plastic bags and weighed in the laboratory (n= 91 in 1979 and 84 in 1980). Between 1989 and 2000,
geese were captured with baited canon nets at three sites along the St-Lawrence River. A random sample of
females were killed by lethal injection, stored in plastic bags and frozen (n= 38 in 1989; 39 in 1990, 92 in 1999
and 148 in 2000). Geese were subsequently weighed to the nearest gram (except in 1990 where birds were
weighed in the field, to the nearest 25g) and culmen and tarsus measurements were taken in the laboratory.
Fluid loss is possible but was likely minimal because carcasses were rapidly frozen after collection and weighed

before thawing. Body masses from all years are thus comparable.

Figure 1.2 Locations of the four GPS-collared snow geese tracked near the end of the staging period from May
6% to 24™in both 2019 (green dots) and 2020 (orange dots) in the St. Lawrence estuary. All geese were captured
and marked at lle-aux-Oies, which explains the larger concentration of dots there in 2019, the year of marking.
Restricting the analysis to only the Tle-aux-Oies area did not affect the proportion of locations in agricultural fields
in either year. Window: average daily proportion of locations recorded in fields by the same individuals (n=4)
tracked in 2019 and 2020. Error bars are 95% CI and colored shading represents the density distribution of
individual data points.
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1.4.2 Statistical analyses

Body condition

To compare body condition among individuals, we needed a non-invasive measure of endogenous reserves that
was independent of structural size. Following the procedure described in Féret et al. (2003), we ran a principal
component analysis (PCA) on two skeletal measurements (culmen and tarsus lengths) and used the resulting
first principal component (PC1) as a measure of relative body size. Loadings for the two variables were above
0.5 and the first axis explained over 50% of the overall variation. We then used the residuals of the regression
between individual body mass and PC1 to which we added the average mass of the population as a measure
of relative mass corrected for skeletal size. We validated that this index was a reliable indicator of endogenous
reserves using a dataset of 90 females randomly sacrificed during captures in 2006, 2007 and 2008 and for
which fresh abdominal fat was weighed (data from Legagneux et al., 2013). Our condition index was related to
fat mass values (F1gs = 52.9; p<0.001; adjusted R2=0.37).

We first assessed the potential effect of a reduction in hunting-related disturbance due to the COVID19 lockdown
on overall body condition. Because geese gain approximately 10g per day during spring staging, and because
hirds are captured on different dates in different years (Fig. S1.1), we adjusted our condition index to take this
daily mass gain into account. Thus, we corrected individual condition to a single date near the end of staging
(May 121) using the average daily mass gain for all years pooled. We obtained the average daily mass gain by
fitting polynomial regressions with mass adjusted for skeletal size as a response variable, day of year as a fixed
effect and year as a random intercept. Candidate models were fitted up to the 5t degree, and we selected the
most parsimonious of equivalent models (AAICc<2; see Fig. S1.2 for selected date adjustment model) using
Akaike Information Criterion (AICc; Burnham and Anderson, 2002). The resulting index provides a measure of
body condition independent of skeletal size and capture date. We inferred hunting disturbance using three yearly
metrics of hunting pressure in spring: total number of geese harvested in a hunting season (“harvest” from here
on), number of active hunters and total number of hunting days. This is determined annually by wildlife agencies
who conduct standard surveys among a large sample of hunters (data provided by M. Gendron, Environment
and Climate Change Canada). We examined the relationship between body mass corrected for structural size
and our three metrics of hunting pressure (fixed effect) using separate linear mixed models with capture 1D and
year as random intercepts to account for the block structure of the data. Next, we compared overall body
condition between years. We compared average body condition corrected for size and date among years using

a linear mixed model with year as a fixed effect and again capture ID as random intercepts.

Because disturbance could act on the rate at which geese gain mass during spring staging, we compared the

rate of condition increase in 2020 to years with hunting for which data was available over a comparable period
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(2007, 2008, 2009, 2019; Fig S1.1). We fitted a linear mixed model with body condition index (mass adjusted for
skeletal size only; see above) as the response variable. Year, date and their interaction were fitted as fixed
effects and capture number as random intercepts. We fitted the fixed effect as a 3-level variable comparing
2020, 2019 and 2007-2009. The year 2019 was fitted as a separate level because goose body condition and
weather conditions were similar to 2020 (see section 1.5.2 and Fig. S1.3) and we were thus interested in this
specific contrast.

For all models described above, we tested and validated the assumptions of normality, homoscedasticity, non-
collinearity among fixed effects, and independence of residuals. Linear mixed models were fitted using the
Imer function of package Ime4 (Bates etal., 2015). All statistical analyses were conducted in the R statistical
environment (version 4.0.1, R Core Team, 2020) and all estimates are reported with their 95% confidence

intervals throughout.

Habitat use

We used locations of radio-marked geese at ile-aux-Oies and in the surrounding area to compare the use of the
two main habitats used by geese: tidal marsh areas and agricultural fields (Fig. 1.2). We classified agricultural
fields and marshes in our study area by hand using the Esri .Wor ldImagery base map from package
mapedit (Appelhans et al., 2020) in R (R Core Team, 2020). Location data was collected during the same
period in both years, from May 6t to 24", near the end of the staging period. We only considered locations from
sunrise to sunset because geese do not use farmlands at night (Gauthier et al., 1988), and hunting is only
permitted during the day. In addition, because locations taken during flight may not reflect habitat use on the
ground, we removed them from the analysis. We computed the speed between each pair of consecutive points
(distance covered divided by time elapsed between locations) and eliminated locations for which the average
speed to the next point was above 10km/h (376/10991, ~3%). We visually assessed our classification and there

were few errors (~70 points, <0.7%).

We computed the proportion of locations in agricultural fields vs. in tidal marshes every day for the individuals
tracked in both years (n = 4 individuals; 68 individual-days total over both years). The number of days considered
ranges from 4 to 16 per individual, depending on the number of days individuals spent in the study area (Fig.
1.2) in each year. To compare the proportion of locations on land between years, we fitted a generalized linear
mixed-model with a binomial distribution using Penalized Quasi-Likelihood to account for overdispersion using
the g ImmPQL function in the MASS package (Ripley et al., 2020) in R (R Core Team, 2020). The model was
fitted with year and day of year (to account for potential temporal trends in habitat use) as fixed effects and bird
ID as random intercepts to account for repeated measurements on individuals. Finally, we ran a second analysis

with all collared individuals (n=15), but only using data from the year in which each individual was captured.
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1.5 Results

1.5.1 Lockdown impacts on sources of disturbance

The travel restrictions imposed by the lockdown reduced overall hunting pressure and goose harvest in spring
2020 as we expected. Data on hunting activity showed a decrease of 54% in the number of active hunters, 32%
in hunting days and 31% in geese harvested in 2020 compared to 2019 (Fig. 1.3 and Appendix S1.4). Organized
scaring activities aimed at chasing goose flocks from farmlands throughout the province were also affected due
to the difficulty of recruiting staff during the lockdown. The number of scaring events in spring 2020 (1501 events)
was 28% lower than in 2019 (2017) and 46% lower than in 2018 (2798) (Union des producteurs agricoles du
Québec, unpubl. data).

Figure 1.3 A: Annual spring harvest of greater snow goose from 1999 to 2020. Error bars represent 95%
confidence intervals. Colored bars represent years for which data on body condition is available. B: Spring body
condition of geese at the end of the staging period in relation to annual spring harvest. Values at 0 harvest (white
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violin) correspond to years without a spring Conservation Harvest (before 1999). The black line represents the
mean model predictions based on individual data points with its 95% CI (shaded; regression slope
[95%ClI]: -0.009 g/goose harvested [-0.012, -0.006], n = 3460). Black dots and error bars are the mean body
mass with their 95% CI for each harvest level and color shading represents the density distribution of individual
data points. Source of hunting statistics: Smith and Gendron 2020.

1.5.2 Body condition

The body condition index of geese adjusted to May 12t was high in all springs without hunting despite some
annual variation. Average condition was highest in 1979 and 1980, before the spring Conservation Harvest was
implemented, and lowest in 1999 and 2000, the first two years following its implementation (Fig 1.4). Average
body condition in spring 2020 was higher than in all other years with a spring Conservation Harvest, apart from
2019 when body condition was similarly high (See Table 1.1; Fig 1.4). Overall, we found a strong inverse
relationship between the body condition of birds and the intensity of the Conservation Harvest (Fig. 1.3 and
Appendix S1.4). Body condition was negatively related with yearly spring harvest (Estimate = -0.009
[-0.012, -0.006] g/goose harvested).

Table 1.1 Parameter estimates of the linear mixed model comparing adjusted body mass of greater snow geese
among years. Intercept (2020) represents the average body condition (in g) in 2020. Other estimates represent
the difference (in g) in average body condition with 2020. Estimates in bold are significantly different than 2020
(n=3460).

Year Estimate 95% ClI
Intercept (2020) 3000 2953.7, 3046.1
1979 143.9 76.8,211.1
1980 163.4 88.8, 237.8
1989 -77.3 -191.0, 36.8
1990 4.6 -107.3,117.2
1999 -463.5 -541.7,-384.9
2000 -361.5 -435.8, -287.9
2006 -197.9 -253.1,-142.6
2007 -172.0 -224.2,-119.2
2008 -90.2 -142.8,-38.2
2009 -164.3 -216.1,-112.5
2019 295 -29.1, 875

Daily increase in body condition index in spring 2020 differed from recent years with a spring Conservation
Harvest (2007-2009, 2019; Table 1.2, Fig. 1.5). On average, goose body condition in 2019 increased by 9.8 [2.4,
17.3] g/day, a value similar to 2007-2009 (11.3 [9.2, 13.8] g/day, Table 1.2). In contrast, there was no detectable
increase in body condition during the same period in 2020 (-5.5 [-14.8, 3.8] g/day), suggesting that geese had
reached an optimal body condition earlier in that year.
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Figure 1.4 Annual variation in greater snow goose body condition index during spring migratory stopover in
Québec. Points are individual body masses corrected for skeletal size and adjusted to May 12, The black dots
and error bars represent average annual body mass with their 95% confidence intervals.

Table 1.2 Parameter estimates of the linear mixed model testing the influence of year, date and their interaction
on adjusted body mass of greater snow geese. Date(2020) is the average daily increase in body condition (g/d)
in May 2020. The interactions date*2007 — 2009 and date*2019 represent differences in daily increase in body
condition between 2020 and 2007 — 2009 or 2019, respectively. Significant effects are in bold. Model parameters
other than effects of interest are in pale gray (n = 2616).

Effect Estimate 95% ClI

Date (2020) 5.5 -14.8,3.8
Date * 2007 — 2009 16.8 7.4,26.6
Date * 2019 15.3 3.4,27.2

1.5.3 Habitat use

During the COVID19 lockdown, the relative use of agricultural fields by geese during the late staging period was
reduced by 57% on average as the proportion of locations in this habitat decreased from 0.49 [0.35, 0.63] in
2019 t0 0.21[0.12, 0.30] in 2020 (Fig. 1.2). Geese thus spent more time in agricultural fields during daytime in

the 2 to 3 weeks preceding departure for migration in 2019 compared to 2020, and conversely less time in tidal
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marshes. Strikingly similar results were obtained when data from all GPS-marked individuals are analyzed (see
Appendix S1.5).

Figure 1.5 Body condition index (mass
corrected for body size) of greater
snow geese in relation with date for
2019 (green), 2020 (orange) and years
with a spring Conservation Harvest
and sampling dates comparable to
2020 (2007 — 2009; grey). Lines are
the mean model predictions with their
95% CI (shading) and represent the
increase in goose body condition at the
end of their migratory stopover in
Québec. Full lines represent significant
relationships and the dashed line a
non-significant relationship (2020).

1.6 Discussion

We took advantage of the unplanned COVID19 lockdown (Bates et al., 2020) and the ensuing reduction in
hunting and scaring activities in southern Québec to opportunistically evaluate the impact of reduced disturbance
on goose body condition and habitat use. By comparing body condition near the end of staging in 2019 and
2020 to historical information, we found that body condition in those two years was the highest since the
implementation of the spring Conservation Harvest. However, our results suggest that body condition plateaued
earlier in 2020 than in 2019 as it was already maximum at the onset of our captures at the beginning of May.
This sets 2020 apart from 2019, where body condition was also high but increased throughout the capture
period, as observed in other years. Finally, geese spent less time in agricultural fields near the end of staging in
2020 compared to 2019. Taken together, our results suggest that the reduction of hunting- and scaring-related
disturbance during the COVID19 lockdown allowed geese to build fat reserves faster and reach an optimal body
condition for their northward migration earlier than in previous years, which led to a change in habitat use near

the end of staging.
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1.6.1 Body condition

Body condition was particularly high in spring 2020, among the highest in our historical data and higher than all
years with a spring Conservation Harvest, except 2019. Because of the known effect of disturbance on goose
foraging behavior (Béchet et al., 2004; Klaassen et al., 2006; Nolet et al., 2016), the low hunting pressure in
2020 likely contributed to the high spring body condition of birds in that year and probably also in 2019. Indeed,
even though harvest was lower in 2020 than in 2019, it was already moderate in the latter year, being 35% lower
than the average harvest of the preceding decade (Fig 1.3A). Previous studies showed that geese collected on
the spring staging grounds in the first two years following the implementation of the spring Conservation Harvest
(1999 and 2000), when hunting pressure was at its maximum, had considerably reduced fat and protein stores
compared to years without hunting (Féret et al., 2003). Our results thus further reinforce previous conclusions
that spring hunting affects dynamics of nutrient storage in this species by clearly showing that the body condition
of geese at the end of the staging period is affected by the intensity of the spring hunting activity. Therefore, it is
not surprising that body condition in spring 2020 was comparable to that observed before the implementation of
the spring Conservation Harvest.

However, other factors than hunting disturbance can also affect body condition of spring-staging geese. One
factor is weather conditions during spring staging, which may affect timing of snowmelt and the onset of plant
growth in farmlands. For instance, the springs of 2019 and 2020 were both cool with a late snowmelt (Fig. S1.3),
conditions that generally benefit geese because plants grow more slowly and remain more nutritious (i.e. more
protein and less indigestible fiber) for a longer period in spring (Bédard and Gauthier, 1989; Manseau and
Gauthier, 1993). These conditions may thus also have contributed to the high body condition of geese in both
2019 and 2020. Presence of juveniles in spring may cause intra-family competition and interfere with foraging
activity of their parents (Turcotte and Bédard, 1989). In spring 2019, there were very few juvenile birds in the
population (2.5% of captured birds were juveniles) due to a widespread breeding failure of geese in 2018,
whereas the opposite situation prevailed in spring 2020, with many juveniles in the population (22.1% of captured
hirds were juveniles). This factor may have facilitated fattening of geese in spring 2019 compared to 2020 and
could explain why body condition at the end of the staging period was similar in both years despite a higher
hunting pressure in 2019. An alternative explanation for the high condition of geese reached early in the season
in 2020 could be that they arrived from the US wintering grounds already in high condition prior to the onset of
the lockdown. However, observations of abdominal profiles of geese in 2020, a reliable index of goose body
condition (Féret et al., 2005), allowed us to refute this explanation. Indeed, observations spanning the entire
spring staging period (late-March to mid-May) revealed that geese arrived in Québec in low body condition and
fattened considerably throughout the COVID19 lockdown period (Fig. S1.7), which is a typical pattern for geese
in spring (Gauthier et al., 1992).
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1.6.2 Habitat use

The most likely explanation for the high body condition of geese reached earlier in 2020 than in any other year
is improved foraging in farmlands early in the staging period, when the lockdown restrictions were most severe.
Indeed, geese were likely able to complete longer, undisturbed foraging bouts and maximize their foraging
efficiency in farmlands in early spring 2020 due to reduced disturbance (Béchet et al., 2004). Farmlands are a
high-quality feeding habitat for geese because they feed on spilled grain and young shoots. These are more
profitable food items than rhizomes, their primary food source in tidal marshes in spring, which are difficult and
costly to extract from the ground (Bédard and Gauthier, 1989; Dokter et al., 2018; Pot et al., 2019). Nonetheless,
farmlands undoubtedly remained a risky habitat for geese in 2020 because, unlike tidal marshes, hunting and
scaring activity still occurred there, albeit at a reduced rate. This is why we expected that, if geese were able to
complete their fattening earlier during the lockdown, they should reduce their time spent feeding in farmlands
and spend more time resting in the tidal marshes near the end of staging. This pattern is exactly what we
observe. Indeed, contrary to 2019 when geese heavily used farmlands and continued to gain condition until the
end of staging, in 2020 they reduced considerably their use of farmlands after reaching a high body condition. It
is also possible that, as travel restrictions within Québec started to be lifted in May, more hunting activity took
place at the end of staging than at the beginning. This could have further encouraged geese to spend less time
in farmlands and more time in marshes in late spring. Unfortunately, we do not have data on the temporal pattern
of hunter activity in spring to test this idea. In summary, the high body condition of birds reached early in spring
2020 may have shifted the trade-off between food acquisition in a risky habitat (agricultural fields) and safety

(natural marshes) at the end of staging, leading to the observed reduction of time spent in the former habitat.

1.6.3 Limitations

The data presented in this study was not collected with the objective of comparing seasonal variations in body
condition or habitat used by geese, and the effects uncovered here should therefore be interpreted cautiously.
There is much inter-individual and inter-annual variation in goose body condition, likely influenced by factors
such as weather conditions in winter and presence of young in the population. Because the COVID19 lockdown
is a punctual event, its effect is partly confounded with year effect. Moreover, it is also possible that geese have
habituated to hunting activity in spring since its implementation 20 years ago and modified their behavior
accordingly. However, the clear relationship between body condition and hunting pressure observed in our
results supports the conclusion that the lockdown-related reduction in hunting and scaring disturbance affected

dynamics of nutrient storage in spring-staging snow geese.

Start of field work was delayed in 2020 due to the special authorizations required during the lockdown, which

resulted in a reduction in the number of captures (n=6 vs. 9-15 between 2006 and 2019) and slightly later capture
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dates. There was thus little overlap in dates between 2020 and some other years with body condition data (e.g.
1999, 2000 and 2006; Fig. S1.1), making the comparison between these years challenging. To account for this,
we restricted the analysis on body condition increase to years with similar capture dates and we only compared
overall body condition after adjusting for the effect of sampling date.

In spring 2019, tracked geese had recently been fitted with GPS-GSM collars for the period considered in our
habitat use analysis. While we excluded the first day after collars were fitted from our analysis, collars may affect
behavior in the first few weeks after being fitted on a bird, for example by increasing preening or head-shaking
to get rid of the collar (Kélzsch et al., 2016). Still, this should have little impact on the habitat use pattern of
individuals in this gregarious species because they mostly commute between marshes and farmlands in large
groups. Moreover, restricting the analyses to only birds tracked in both 2019 and 2020 or using all birds yielded

identical results, suggesting that our habitat use data were robust.

Data collected in the upcoming years will provide the opportunity to revisit the conclusions of this paper with a
before-after impact design (Osenberg and Schmitt, 1996). According to the mechanisms proposed here, if
disturbance due to hunting and scaring increases in the future relative to 2020, foraging efficiency in agricultural
land should decrease and lead to a new reduction in body condition.

1.7 Conclusion

The overabundance of snow geese has been shown to negatively affect plant communities through overgrazing
in several regions (Jano et al., 1998), as well as other arctic-nesting species through apparent competition
(Lamarre et al., 2017). These effects played an important role in the decision of liberalizing hunting regulations
to limit the growth of this population (Lefebvre et al., 2017). Moreover, goose overabundance was the source of
important conflicts with farmers, who suffer depredation losses to geese in Québec. Following the establishment
of a special spring hunt in 1999, production of young was reduced, and population growth stopped (Lefebvre et
al., 2017). Taking advantage of a release in hunting pressure associated with the COVID19 lockdown in 2020,
our results, combined with long-term data on harvest and body condition, show that spring hunting activity still
negatively impacts the body condition of spring staging geese twenty years after its implementation. Our study
provides useful insights for the management of this overabundant population. Indeed, the high body condition
achieved by geese due in part to reduced hunting activity during the COVID19 lockdown may improve
reproductive success and lead to high recruitment of young, thereby fueling additional population growth. At a
broader level, our study further emphasizes that sustained human disturbance during a critical period of the life
cycle, i.e., spring staging, interferes with the nutrient storage dynamics of a long-distance migrant even after

being exposed to these sources of disturbance for more than two decades. This suggests no or little long-term
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habituation, which may have consequences for the reproduction and ultimately the population growth of species

exposed to such disturbances.
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Chapitre 2 — Additional data confirms the impact of
the COVID19 lockdown on the behavior and
fattening of migratory snow geese

Envolée d'oies & I'le-aux-Oies, Québec, 2021
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2.1 Résumé

Le confinement imposé suite a la COVID19 a fourni une opportunité sans précédent d'étudier I'impact des
activités humaines et des mesures de conservation sur la faune. Cependant, la plupart des études sur les effets
du confinement étaient opportunistes et basées sur des données limitées car cette ‘manipulation’ a grande
échelle était inattendue et de courte durée. La réplication des résultats scientifiques est la pierre angulaire de la
méthode scientifique et assure que les conclusions de telles études sont robustes. Ici, nous testons les
prédictions d’'une étude précédente dans laquelle nous avons quantifié les impacts de la réduction du
dérangement lié au confinement pour la COVID19 sur la condition physique et le comportement de la grande
oie des neiges (Anser caerulescens atlanticus), une espece dont une bonne gestion est cruciale pour la
conservation des écosystemes nordiques. L'analyse de deux années de données supplémentaires confirme nos
prédictions. Le retour a une intensité de chasse élevée en 2021 et 2022 (post-confinement) a de nouveau réduit
la condition physique des femelles comparé au printemps du confinement (2020). L'engraissement prénuptial
des oies lors de ces deux printemps était similaire aux années précédant cette mesure d’urgence et différait de
2020 quand les oies ont atteint une haute condition physique plus tt au printemps que ce qui avait été détecté
jusqu'ici. Comparé a 2020, les oiseaux suivis par GPS ont passé davantage de temps en 2021 dans les champs
agricoles, des habitats profitables mais hautement risqués, comme c'était aussi le cas dans I'année précédant
le confinement. Cette étude fournit des résultats robustes qui confirment les effets du dérangement causé par
la chasse de printemps sur la physiologie de la grande oie des neiges. Cela démontre également I'efficacité a
long terme de cette mesure de conservation établie il y a deux décennies pour limiter la taille de cette population
d'oies et préserver les écosystémes arctiques du surbroutement et des impacts négatifs y étant associés pour

les autres espéces aviaires de I'Arctique.

Mots clés: Mesure de conservation - Confinement COVID19 - Grande oie des neiges - Condition physique -
Dérangement - Etude de réplication
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2.2 Abstract

The COVID19 lockdown provided a unique opportunity to study the impact of human activities and conservation
measures on wildlife. However, most lockdown studies were opportunistic and based on limited data, because
this ‘natural experiment’ was unexpected and short-lasting. Replication of scientific results is the cornerstone of
the scientific method and ensures that conclusions from such short-term studies are robust. Here, we test
predictions arising from a previous study where we showed the impact of the lockdown-induced reduction in
hunting disturbance on the body condition and behavior of greater snow geese (Anser caerulescens a.), a
species whose management is crucial for the conservation of northern ecosystems. The analysis of two
additional years of data confirmed our predictions. The return to a high hunting pressure in springs 2021-2022
(post-lockdown) reduced overall goose body condition compared to the lockdown year. Goose fattening in post-
lockdown springs was very similar to pre-lockdown years, differing from 2020 when a high body condition was
reached earlier in spring than in any other year. Radio-tracked birds spent more time in profitable but risky
agricultural lands in 2021 compared to 2020, as was the case in the pre-lockdown year. Our study provides
robust evidence confirming the impacts of spring hunting on greater snow goose physiology. It demonstrates
the long-lasting efficiency of the spring conservation hunt established two decades ago to limit the size of the
population with the aim of preserving Arctic ecosystems from overgrazing and associated negative impacts on
other arctic-nesting birds.

Keywords: Conservation measure - COVID19 lockdown - Greater snow geese - Body condition - Disturbance -
Replication study
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2.3 Introduction

The global lockdown induced by the COVID-19 pandemic in spring 2020 was an unprecedented opportunity to
measure human impacts on wildlife. Indeed, this quasi-experimental, worldwide reduction of human activity has
been extensively studied and reviewed (e.g. Bates et al., 2021; Derryberry et al., 2020) and revealed both
positive and negative impacts on wildlife. Unsurprisingly, species suffering from the overbearing presence of
humans were temporarily relieved from anthropogenic pressures whilst those benefitting from human presence

have suffered from this hiatus in human activity (Manenti et al., 2020).

Researchers invested considerable efforts to evaluate the impacts of this unique ‘Anthropause’, but this has
been a challenging task. First, this measure was unexpected and happened rapidly, leaving little time for
designing proper protocols. Studies on the effects of the lockdown on wildlife are thus entirely opportunistic and
their results are based on a few pre-lockdown years and one “experimental” (i.e. covid lockdown) period (e.g.
Seress et al., 2021). Consequently, revisiting the results from these studies with post-lockdown data is essential
to confirm or refute their findings. The unexpected nature of this ‘manipulation’ has restricted the breadth of the
data scientists were able to collect, potentially weakening the robustness of their conclusions. For instance, most
data on wildlife responses to the lockdown focus on changes in the presence or abundance of species (e.g.
Gilby et al., 2021; Vardi et al., 2021). Still, some research teams had the opportunity to measure lockdown
effects on life-history traits of wild species (Corsini et al., 2022; Hentati-Sundberg et al., 2021; Manenti et al.,
2020) including our work that investigated the impact of the lockdown on physiological changes in an
overabundant migratory species, the greater snow goose (Anser caerulescens atlantica; LeTourneux et al.,
2021).

The control of overabundant goose populations is a major conservation challenge that has large implications for
the preservation of Arctic ecosystems worldwide (Flemming et al., 2019, 2016; Hessen et al., 2017; Samelius
and Alisauskas, 2009). Indeed, overgrazing, grubbing and fecal deposition of expanding goose populations have
led to severe degradation of arctic habitats and plant communities (Abraham et al., 2005; Handa et al., 2002;
Srivastava and Jefferies, 1996), disruption of nutrient cycles and plant-soil interactions (Bazely and Jefferies,
1986; Deschamps et al., 2023), and irreversible shifts of ecological communities (Jefferies and Rockwell, 2002).
Eutrophication of freshwater wetlands and ponds by goose feces was shown to alter the productivity and
community composition of arctic freshwater ecosystems (Hessen et al., 2017; Jensen et al., 2019). Adverse
effects on Arctic species are also commonly reported for a wide range of taxa that share the same habitat and
predators (invertebrates: Sherfy and Kirkpatrick, 2003, shorebirds: Duchesne et al., 2021; Flemming et al., 2016,
2019; Lamarre et al., 2017, passerines : Peterson et al., 2014, small mammals: Samelius and Alisauskas, 2009).
These strong negative effects could locally exclude vulnerable species, and are often cited as a potential cause

for the circumpolar decline of shorebird populations (Flemming et al., 2016, 2019).
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Successful conservation of arctic ecosystems and the species they harbor depends on adequate management
of overabundant goose populations in many areas, which is a challenge for conservation agencies (Fox and
Madsen, 2017). The special spring conservation harvest of greater snow geese established in 1999 in Canada
was an attempt to control this rapidly-growing population and limit its impacts on Arctic habitats (Lefebvre et al.,
2017). This conservation measure largely contributed to maintain the population below one million individuals,
partly through an indirect effect on reproductive investment (Lefebvre et al., 2017) that was mediated by a
reduction of spring body condition (LeTourneux et al., 2021). Spring staging is a critical period in the annual
cycle of snow geese because they need to accumulate enough resources for the 3000-km migration to their
Arctic breeding grounds and for the subsequent reproduction (Gauthier et al., 2003). In LeTourneux et al. (2021),
we took advantage of the COVID lockdown to confirm that the impact of spring hunting on pre-breeding body
condition was still effective after 20 years. Our results suggested that this conservation measure could be
switched on or off with immediate consequences on goose physiology. However, the evidence was limited by
the absence of post-lockdown data, calling for follow-up studies to strengthen these conclusions.

In the current study, we revisit the results of LeTourneux et al. (2021), with additional data on hunting pressure,
body condition and use of agricultural lands by staging greater snow geese in two springs following the lockdown
(2021 and 2022). Based on our original results, we predicted that an increase in hunting pressure compared to
2020 should decrease goose foraging efficiency and lead to lower body condition during staging compared to
the lockdown year. Furthermore, we predicted that geese in lower condition should continue accumulating body
reserves later in the season and thus spend more time in agricultural lands despite the high hunting risk

associated with this habitat.

2.4 Methods

2.4.1 Data acquisition

Geese were captured with baited cannon nets during spring on the staging grounds in 7 years between 2007
and 2022 (2007-2009, 2019-2022) following the procedures described in LeTourneux et al. (2021). Captures
took place at fle-aux-Oies (47N 70W) in southern Quebec during the last 3 weeks of the snow goose staging
period, which occurs from late March to mid May. All adult females were banded, weighed, and their tarsus and
head lengths were measured. To compare the physical condition among individuals of different structural size,
we obtained an index of body condition independent of size for each bird by correcting body mass with two
skeletal measurements (tarsus and head lengths; details in LeTourneux et al., 2021). Geese gain mass during
the migratory stopover (~10g/day) and they were not always captured on the same dates in different years even
though capture periods overlapped between years (Fig. S2.1). Consequently, to compare average body

condition between years, we corrected the body condition index for the capture date (details in LeTourneux et
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al., 2021). Positions of geese marked with GPS radio collars during captures between 2019 and 2021 were
obtained at 5-minute intervals. Females equipped with GPS devices in 2022 were part of an experiment using

hormone implants and were therefore excluded from this analysis.

2.4.2 Statistical analyses

With these additional years of data (2021, 2022), we revisited the analyses performed in LeTourneux et al.
(2021) for the years 2007 to 2020. First, we contrasted overall spring body condition during the COVID lockdown
(2020) with that of pre- (2007-2009, 2019) and post-lockdown years (2021-2022) using a linear mixed model
where body mass corrected for size and date was fitted as the response variable, year as a fixed categorical
variable and capture IDs as random intercepts. Next, we compared the rate of condition gain of 2020 (lockdown
year) with pre- and post-lockdown years using a linear mixed model with body mass corrected for size only as
the response variable and year, day of year and their interaction as fixed effects. In this second analysis, the
‘year’ variable had 5 levels as 2020 (lockdown) was compared to 2021 and 2022 (post-lockdown), 2019 (pre-
lockdown) and 2007-2009. We fitted 2019, 2021 and 2022 as separate levels because we were particularly
interested in comparing the rate of condition gain during the pandemic to the years just before and after the
lockdown. Individual years and captures were fitted as random intercepts in this analysis to account for repeated
mass measurements within years and capture groups. Including individual years as random intercepts was
necessary in this analysis because of repeated measurements within years in the 2007-2009 level. These
analyses were conducted using the Imer function from the Ime4 package in R (Bates et al., 2015; R Core
Team, 2020).

We determined the proportion of time spent in agricultural lands in 2019, 2020 and 2021 between May 6 and
May 24, near the end of the staging period. This was based on the number of locations obtained in agricultural
lands compared to other habitats (natural marsh and water) in radio-tracked birds. Spatial location data was
treated the same way as in LeTourneux et al. (2021). Namely, we restricted locations to our capture area (ile-
aux-Oies and adjacent shoreline of the St-Lawrence River), we removed locations during flight and during the
night, and resampled locations at the frequency of one point every 5 minutes. The main difference with our
original analysis is that we considered habitat use data from all individuals in all years (n=24). We could not
restrict the analysis to only individuals present in all 3 years as in LeTourneux et al. (2021) because this would
have reduced our sample to a single bird. Still, our previous study showed that analyses based on all individuals
or only those seen in both years (2019 and 2020) yielded the same results (see Fig S1.6). We analyzed the daily
proportion of time spent in agricultural lands with a quasi-binomial generalized linear mixed effects model where

year was fitted as a categorical fixed effect and bird IDs as random intercepts to account for differences between
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individuals. This was done with the gImmPQL function from the MASS package in R (R Core Team, 2020;
Venables and Ripley, 2002).

2.5 Results

Between 29 April and 14 May 2021 and 2022, we captured, weighed and measured 452 and 249 females,
respectively, for the body condition analyses. In 2021, 5 females were fitted with GPS radio-collars for habitat
use analyses. As expected, hunting pressure increased in 2021 and 2022 compared to the very low value of
2020 and was also higher than in 2019 (Fig. 2.1A).

In spring 2021, body mass corrected for structural size and adjusted to 12 May was 75g [95% CI = 20g, 129g]
and 104g [57, 149g] lower than in 2020 and 2019, respectively. Body mass in 2022 was comparable to 2021
(non-significant difference of 35¢ [-15, 86g]), and was also 110g [49, 171g] and 139¢ [86, 193g] lower than in
2020 and 2019, respectively. Daily mass gain did not differ significantly between 2022 (15.4g/day [6.1,
24.6g/day]), 2021 (10.3g/day [3.5, 17.0g/day]), 2019 (9.8g/day [2.7, 16.9g/day]) and 2007-2009 (11.3g/day [9.3,
13.8g/day]). However, we found strong evidence that the seasonal increase in body mass in 2022 and 2021 was
higher than in 2020, where no mass gain was observed during our capture period (Fig. 2.1B). Finally, near the
end of spring staging in 2021, geese spent more time in agricultural lands than in 2020 (B2021-2020 = 0.70 [0.17,
1.24]) but not compared to 2019 (B2021-2010 = -0.44 [-0.96, 0.09]). They spent on average 47% of the daytime in
agricultural lands in 2021, 31% in 2020 and 58% in 2019 (Fig. 2.1C).

2.6 Discussion

Extending our analysis of the impacts of hunting on body condition and behaviour of spring-staging snow geese
with additional post-covid data allowed us to confirm the conclusions of LeTourneux et al. (2021). More
importantly, it enabled us to test the hypotheses that we had put forward to explain those results and to validate
the long-lasting efficiency of spring hunting in controlling an overabundant population, a conservation measure

essential for the preservation of several Arctic ecosystems.

As we predicted based on the results of LeTourneux et al. (2021), the increase in hunting pressure in spring
2021 and 2022 after the lockdown year led to a lower overall body condition of geese compared to 2020. Geese
were also in lower body condition in 2021 than in 2019, probably because the hunting pressure was relatively
low in 2019 compared to other recent years (Fig 2.1A). Indeed, the overall condition observed in post-lockdown
years fit well with our previous evaluation of the impact of hunting pressure on pre-migratory body condition (Fig.
S2.2). Also, in accordance with our predictions, we observed a gain in mass late during the staging period in
2021 and 2022 similar to other recent years, including in the year just before the lockdown. This differed from

2020 when geese seemed to have reached a plateau in body condition relatively early with no further increase
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in body condition during the last two weeks prior to migratory departure. These results thus provide strong
evidence that the reduction in hunting-related disturbance during the COVID lockdown allowed staging snow

geese to reach a high body condition earlier than in years with high hunting pressure.

Figure 2.1 Impacts of spring hunting pressure on body condition and behavior of spring-staging greater snow
geese. A: Annual spring harvest of greater snow geese. Error bars are the upper 95% confidence intervals. Data
obtained from Smith and Gendron (2022). B: Relationship between body condition index of captured geese and
day of the year for 2019 (green), 2020 (orange), 2021 (blue), 2022 (purple) and other years with sampling dates
comparable to 2020 (2007-2009; gray). Lines are the model prediction for each year along with their 95%
confidence intervals (shading). The dotted line (2020) indicates a non-significant relationship. Individual data
points for 2007-2009 were omitted to reduce clutter but are presented in LeTourneux et al. (2021). Day of year
132 =12 May. C: Daily proportion of time spent in agricultural lands near the end of spring staging determined
by radio-tracking in 2019 (n=10 birds), 2020 (n=7) and 2021 (n=7). Black dots are the mean model prediction by
year with their 95% CI. Violins represent the distribution of individual data points. No comparable habitat use
data is available for 2022.
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According to the hypothesis proposed in LeTourneux et al. (2021), geese in lower pre-migratory body condition
should spend more time feeding in profitable agricultural lands compared to those in better condition. This is
because agricultural lands pose a high mortality risk as goose hunting only occurs in this habitat in spring. Hence,
use of this habitat in spring was hypothesized to occur mostly when the need to accumulate endogenous
reserves in preparation for migration and reproduction is high (Gauthier et al., 2003; LeTourneux et al., 2021).
Our results support this hypothesis as geese spent more time in agricultural lands near the end of staging in

2021 when they were still accumulating body reserves, unlike in 2020.

Based on the lower population-wide body condition of geese in 2021 compared to 2019, we could have expected
geese to spend more time in agricultural lands in 2021 than in 2019, but it was not the case here. We should
remember that our analysis of habitat use relies on a small sample size (24 individuals in total, 7-10 per year).
Although the use of agricultural lands in our sample should reflect that of the population because snow geese
are highly gregarious (Gauthier et al., 1988), individual variation in habitat use or in initial spring body condition
may still affect yearly estimates. Despite these limitations, the decrease in body condition in 2021 associated
with a return to pre-lockdown level of use of agricultural lands nonetheless suggests that geese faced a trade-
off between safety (natural marshes) and food acquisition in a profitable but risky habitat (agricultural lands) and
can adjust their behavior to mitigate this risk according to their body condition. The evidence presented here is
compelling since the additional data collected in 2021 confirms the interpretations presented in LeTourneux et
al. (2021).

We demonstrate that hunting disturbance during spring staging has an immediate but reversible effect on pre-
breeding body condition of a migratory waterfowl population. Indeed, the steep reduction of hunting pressure in
2020, and to a lesser extent in 2019, resulted in high goose body condition in those years, while the return to
pre-2019 hunting pressure in 2021 and 2022 resulted in a low body condition, comparable to data obtained in
the previous decade (2007-2009). Moreover, our results indicate that geese did not habituate to disturbance
from spring hunting, despite 20 years of exposure to it. Geese responded instantaneously to changes in the
hunting regime, highlighting the high potential of this conservation measure to remain effective in the long run
for controlling overabundant populations. In this case, the lack of habituation by geese may stem from the fact
that hunting disturbance prevents access to highly profitable food resources (agricultural lands), shortens
foraging bouts, and increases flying time, ultimately reducing energy intake and storage (Béchet et al., 2004).
Finally, our results show that solely considering harvest mortality when assessing the impact of hunting likely

underestimates its overall effect on population dynamics.
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2.7 Conclusion

Studies based on limited or unplanned data sampling should be replicated to reach robust scientific conclusions.
This applies to most research on the effects of COVID-related changes in human activities on wildlife because
it was an unexpected and short-lasting measure, which increases the risk of obtaining spurious results due to
unaccounted confounding factors. While it might not always be possible to replicate a natural experiment,
researchers can still make predictions based on their results and test them with additional data. Here, the
collection and analysis of additional years of data allowed us to confirm the conclusions of LeTourneux et al.
(2021) and provide compelling evidence of the effects of spring hunting activity on the physiology of a wild
species. To our knowledge, this is the first study on the impacts of the COVID lockdown on wildlife that has

tested the interpretations and hypotheses stemming from their results with additional data.
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Chapitre 3 — Evidence for synergistic cumulative
impacts of marking and hunting in a wildlife
species

Femelles recapturées marquées & l'aide de colliers & la station de baguage de I'lle Bylot, Nunavut.

Référence de la publication :

LeTourneux, F., Gauthier, G., Pradel, R., Lefebvre, J., Legagneux, P., 2022. Evidence for synergistic cumulative
impacts of marking and hunting in a wildlife species. J. Appl. Ecol. 59: 2705-2715. DOI: 10.1111/1365-
2664.14268
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3.1 Résumé

Les effets non-additifs découlant de l'interaction de plusieurs sources de stress peuvent avoir des impacts
imprévisibles sur la faune. Méme si certains facteurs de stress ont initialement peu d'impacts, ils peuvent devenir
sévéres s'ils agissent en synergie avec de nouvelles sources de stress. Les marqueurs individuels sont
frequemment utilisés dans les études sur la faune mais peuvent causer un stress physiologique pour les
animaux. Leurs impacts sur les traits vitaux peuvent changer au fil du temps, particulierement lorsque des
variations environnementales imposent de nouveaux stress. Dans cette étude, nous évaluons les changements
temporels de I'impact combiné de deux sources de stress, une constante (marquage avec des colliers) et 'autre
variable dans le temps (intensité de la pression de chasse), chez la grande oie des neiges (Anser caerulescens
atlanticus). Sur une période de 30 ans (1990-2019), les réglements de chasse pour cette espece ont été
libéralisées a deux reprises, en 1999 et en 2009, avec l'instauration de saisons de chasse spéciales au
printemps et a I'hiver. Nous avons évalué I'effet du marqueur sur la survie des oies en lien avec les changements
de la pression de chasse. Nous avons comparé la survie de plus de 20,000 femelles adultes marquées avec et
sans collier a l'aide de modéles de capture-recapture multi-événements et avons partitionné la mortalité
provenant de la chasse et d'autres sources. La survie des oies avec et sans collier était similaire entre 1990 et
1998, avant que la chasse ne soit libéralisée (survie annuelle moyenne [95% C.1.]: 0.87 [0.84, 0.89]). Par contre,
la survie absolue des oies avec un collier était inférieure de 0.05 [0.03, 0.07] comparé aux oiseaux sans collier
entre 1999 et 2008, et de 0.12 [0.09, 0.15] apres 2009, lorsque les réglementations ont été libéralisées
davantage. Les taux de mortalité a la chasse et naturelle étaient tous deux plus élevés chez les oies a collier
comparé aux oies portant uniqguement une bague. L'interaction entre les effets du collier et de la chasse était
synergique puisque les colliers ont affecté la survie de maniére mesurable uniquement aprés que la pression
de chasse eut augmenté de maniére importante. Le cumul de ces sources de stress a probablement réduit la
condition physique des oies suffisamment pour augmenter leur vulnérabilité a différentes sources de mortalité.
Les chercheurs utilisant des programmes de marquage a long terme devraient ré-évaluer I'effet des marqueurs
périodiquement et non uniquement dans les premiéres années de ces programmes. En effet, des interactions
potentielles entre les marqueurs et des changements environnementaux pourraient éventuellement affecter les
conclusions d'études basées sur des individus marqués. Ici, nous fournissons une démonstration peu commune
dans un systéme naturel qu'une combinaison de facteurs de stress peut pousser certaines espéces au-dela
d'un seuil ou leurs traits vitaux sont affectés, méme si un de ces facteurs appliqué seul n‘avait initialement pas

d'impact détectable.

Mots clés: Stresseurs cumulés - Expérience en milieu naturel - Design avant-apres-contrdle-impact - Effets
indirects de la chasse - Grande oie des neiges - Marqueurs auxiliaires - Modéles de capture-

recapture multi-événement - Taux de survie - Stress chronique
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3.2 Abstract

Non-additive effects from multiple interacting stressors can have unpredictable outcomes on wildlife. Stressors
that initially have negligible impacts may become significant if they act in synergy with novel stressors. Wildlife
markers can be a source of physiological stress for animals and are ubiquitous in ecological studies. Their
potential impacts on vital rates may vary over time, particularly when changing environments impose new
stressors. In this study, we evaluated the temporal changes in the combined impact of two stressors, one
constant (collar-marking) and another one variable over time (hunting intensity), in greater snow geese (Anser
caerulescens atlanticus). Over a 30-year period (1990-2019), hunting regulations were liberalized twice, in 1999
and 2009, with the instauration of special spring and winter hunting seasons, respectively. We evaluated the
effect of collars on goose survival through this period of changing hunting regulations. We compared annual
survival of >20,000 adult females marked with and without neck collars using multievent capture-recapture
models, and partitioned hunting from non-hunting mortality. Survival of geese marked with or without collars was
similar in 1990-1998, before hunting regulations were liberalized (average survival[95% C.1.]: 0.87[0.86, 0.89]).
However, absolute survival of collared geese was 0.05[0.03, 0.07] lower than that of non-collared geese between
1999 and 2009, and 0.12[0.09, 0.15] lower after hunting regulations were liberalized further in 2009. Hunting
and non-hunting mortality probabilities were both higher in collared birds compared to those without collars. The
interaction between the effects of collars and hunting was synergistic because collars affected survival only after
the hunting pressure increased significantly. These cumulated stresses probably reduced goose body condition
sufficiently to increase their vulnerability to multiple sources of mortality. Researchers relying on long-term
marking programs should evaluate the effect of markers periodically rather than solely in the beginning, as
interactions with changing environmental conditions may eventually affect conclusions of studies based on
marked animals. Here, we provide a rare demonstration in a natural setting that a combination of stressors can
push animals beyond a threshold where vital rates are affected, even when one stressor applied alone initially

had no detectable impact.

Keywords: Cumulative stressors - Natural experiment - Before-after-control-impact design - Indirect hunting
impact - Greater snow geese - Neck collars - Multievent capture-recapture modeling - Survival

rates - Chronic stress
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3.3 Introduction

In a world dominated by ever-increasing human populations, adverse effects on ecosystems arising from human
activities are growing (Steffen et al., 2011). There is ample evidence that multiple stressors can interact with one
another, with the resulting impact being seldom the simple addition of individual effects (Darling and C6té, 2008).
We define stressors as any factors that push a system, whether it is an ecosystem or an organism, away from
its equilibrium state (or allostasis) and alter its integrity (McEwen and Wingfield, 2003). Non-additive interactions
between stressors are considered antagonistic or synergistic when their overall effect is, respectively, lower or
greater than the arithmetic sum of individual effects (Folt et al., 1999). Novel synergies and antagonisms are
particularly problematic because their unpredictability hinders our ability to properly anticipate the outcome of
our actions, which can lead to poor management decisions, ill-oriented conservation efforts (Carrier-Belleau et
al., 2021; Paine et al., 1998), or flawed scientific interpretations (C6té et al., 2016). Scientists must therefore be
attentive to signs of these phenomena in ecological studies. One area where potential cumulative impacts
between multiple stressors have been largely neglected is between environmental stressors and markers used
to identify and track wildlife.

Using marking techniques that do not affect the vital rates of the animals we are studying is paramount for ethical
and scientific reasons. Ethically, scientists should work to minimize any negative impact of markers on
individuals. It is also important that vital rates are not compromised to reach valid scientific conclusions based
on marked animals (Barron et al., 2010). There are numerous potential adverse effects of markers on wildlife
fitness components. For instance, simple colour rings can interfere with mating success (Johnsen et al., 1997).
Harnesses and neck-collars may restrict movement, increase energy requirements and ultimately hamper
survival or reproduction (Barron et al., 2010). Although biologists have invested much effort in quantifying and
reducing the negative impacts of markers, these effects are rarely considered in the context of multiple stressors

imposed by changing human activities.

Long-term marking programs increase the potential for new interactions between the physiological stress
induced by markers on animals and changing environmental conditions, particularly those arising from human
activity such as hunting. Detecting small chronic effects or those which may be partially hidden by favorable,
short-term environmental conditions may require large sample sizes over multiple years. However, because
many studies evaluating the impact of markers on animals are short term, such interactions are likely to go
undetected. We are aware of only one study that evaluated the impact of markers in combination to other
environmental stressors that changed over time, where flipper-banded king penguins (Aptenodytes patagonicus)
had reduced survival and breeding success in years with unfavourable environmental conditions (Saraux et al.,
2011).
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Neck collars are large markers that have been used in geese for a long time. A considerable advantage is that
collared birds can be identified individually from afar without the need to be physically handled, which greatly
increases encounter probability and allows estimating vital rates more precisely (Alisauskas and Lindberg, 2002;
Juillet et al., 2012; Souchay etal., 2014). However, neck collars were found to negatively affect survival in several
goose species (Alisauskas and Lindberg, 2002 and references therein) and their use was discontinued in those
situations. Several mechanisms could reduce survival in collared birds. Natural causes like collar icing or
reduced body condition due to aerodynamic drag could lead to increased predation risk or exhaustion during
migration (Legagneux et al., 2013; Pennycuick et al., 2012; Zicus et al., 1983). Alternately, collars could increase
hunting mortality if hunters preferentially target collared birds, which are regarded as hunting trophies (Caswell
et al., 2012). Still, neck collars continue to be used in species where studies failed to find negative effects of
these markers (Clausen and Madsen, 2014; Fox et al., 2014), or when the investigated parameters remain
unaffected by collars (Yparraguirre et al., 2020). This includes greater snow geese, a species for which two
previous studies found no negative effect of neck collars on survival based on large sample sizes (Menu et al.,
2000; Reed et al., 2005).

Greater snow geese have been exposed to several environmental changes over the past three decades. Habitat
use shifted towards increased use of agricultural fields, which induced changes to the migration corridor and
contributed to a dramatic increase in population size (Gauthier et al., 2005). Most importantly, hunting regulations
were liberalized to control their unprecedented population growth and limit grazing impact on the vegetation of
its arctic breeding grounds (Lefebvre et al., 2017). A special hunting season (legally referred to as the
Conservation Harvest) was opened in farmlands during their spring staging in Canada, followed 10 years later
by a special winter hunting season in the USA (referred to as the Conservation Order). Apart from directly
reducing survival, increased hunting of greater snow geese intensified disturbance during spring, which affected
foraging behavior, reduced pre-migratory fattening (Béchet et al., 2004; LeTourneux et al., 2021), and ultimately
impacted reproduction decisions and investment (Béty et al., 2003; Mainguy et al., 2002). Therefore, these

changes in hunting regulations can be considered a major source of chronic physiological stress for geese.

Our long-term study of the greater snow goose demography (since 1990) constitutes an ideal, quasi-
experimental design to evaluate potential temporal changes in the cumulative impacts of two stressors, one that
remained constant (collar marking) and one that changed in a controlled manner over time (hunting pressure).
Before 1999, geese were hunted only during fall staging in Canada and early winter in the USA. From 1999 to
2008, bag and possession limits were increased, and geese were also hunted during the 2-month long spring
staging period in Canada. Finally, from 2009 onward, hunting was allowed during a special late-winter season

in the USA and hunting methods and quotas were liberalized (Lefebvre et al., 2017).
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In this study, we use a 30-year marking program to evaluate the effect of neck collars on greater snow goose
survival during a period of temporal changes in hunting regulations. We aimed to determine whether there could
be an interaction between these two physiological stressors leading to cumulative impacts on survival. We
hypothesized that the impact of neck collars on survival could have changed over time as the birds were exposed
to an ever-increasing hunting pressure that eventually extended over the whole non-breeding season. We also
examined if any reduction in survival in neck-collared birds could result from increases in either natural mortality,
hunting mortality, or both. Chronic stress is known to affect physiological processes in animals and to reduce
body condition (Kleist et al., 2018; Romero and Wingfield, 2016). Therefore, natural mortality of neck-collared
hirds could increase if chronic stress reduces their body condition and increases predation or exhaustion risks.
Alternately, hunting mortality could increase if geese in lower condition become more vulnerable to hunting
(Fowler et al., 2019, but see Morez et al., 2000).

3.4 Methods

3.4.1 Data collection

Greater Snow Geese breed across the eastern Canadian Arctic, winter along the Atlantic coast of the USA and
stage in southern Quebec during their fall and spring migrations (Lefebvre et al., 2017). Goose banding took
place on Bylot Island (73N, 80W), the largest known greater snow goose colony (~15% of the nesting
population). Geese were marked from 1990 to 2019 during mass ringing drives at the end of the brood-rearing
period (August) when adults are molting and flightless (see Menu et al., 2000 for details). All geese were sexed
by cloacal eversion and both adults and young were fitted with a USGS Bird Banding Laboratory metal ring.
Around 2/3 of adult females were also fitted with a unique alphanumeric-coded yellow plastic neck collar. All
hirds caught were checked for the presence of rings or collars put in previous years. Up until 2009, collars were
55-mm diameter x 48-mm high and weighed 19g. After 2009, new smaller and lighter collars (42-mm high, 15g)
gradually replaced their older counterparts over a 5-year period. No difference in survival was detected between
hirds wearing either collar type (LeTourneux et al., unpubl. data). Young and adult males are not marked with
neck collars and were excluded from our analysis. This research was conducted according to the relevant
national and institutional regulations on animal welfare and was approved by the Comité de Protection des
Animaux de I'Université Laval (CPAUL # 2019-228), the Canadian Bird Banding Office (permit #10648).
Fieldwork on the Bylot Island Migratory Bird Sanctuary was approved by the Mittimatalik Hunter and Trapper
Organization and Parks Canada (permit # SIR-2018-28081).

Encounters of marked birds occurred in one of three ways: physical recaptures, collar re-sightings or ring
recoveries from hunter-shot birds. Birds marked with a metal leg ring only (‘non-collared birds’ from now on)

could only be encountered alive when recaptured during the summer ringing drives. Collared females could also
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be re-sighted during the whole breeding season, and these observations were pooled with their physical
recaptures. To satisfy the assumption of discrete live-encounter occasions of our model, re-sightings made away
from the breeding grounds were ignored in this analysis. Finally, ring recoveries from hunter-shot birds were
compiled and sent to us by the Bird Banding Laboratory.

3.4.2 Data analysis

We estimated annual survival probability using a joint live-encounter and dead-recovery model in a multi-event
framework (Burnham, 1993; Pradel, 2005). We conducted two separate analyses. We first modeled annual
survival probability of collared and non-collared geese. Then, to assess whether any collar effect was mediated
through hunting, natural, or both sources of mortality, we used a second parameterization which allowed
partitioning survival into hunting and natural mortality. We tested specific hypotheses by comparing models with
parameter constraints representing biological processes of interest. Analyses were conducted using program E-
Surge (Choquet, Rouan, et al., 2009) and models were compared using Akaike’s Information Criterion corrected
for overdispersion (QAIC), retaining the most parsimonious of equivalent models (AQAIC<2; Burnham and
Anderson, 2002).

Collars can be lost, and we accounted for this in our modelling approach. Since collared birds are also fitted with
metal rings that are virtually never lost, we can determine if a bird has lost its collar upon being recaptured (see
Juillet et al., 2011 for details). This is easily implemented in a multi-event modelling scheme by having two
different states (i.e., ‘Alive with collar and ring’ and ‘Alive with ring only’) and modelling collar loss as a transition

between these states (details in Appendix S3.1).

Overall survival estimation

We estimated annual survival (S), collar loss (C), live-encounter (p), and recovery (Seber's r; Gauthier and
Lebreton, 2008) probabilities using a parameterization analogous to that used in Juillet et al. (2011; details in
Appendix S3.1). This parameterization allows incorporating heterogeneity in ring reporting with respect to collar
loss even if we have no information from hunters regarding the presence or absence of collars when birds are
recovered. We slightly modified this parametrization to incorporate heterogeneity in live-encounter probabilities
detected by the goodness-of-fit tests (see below). We first tested constraints on encounter and collar loss
probabilities (e.g. reduced time-dependence) before selecting constraints on survival, as advocated by Lebreton
et al. (2009).

Live-encounter probabilities (p) were estimated separately for collared and non-collared birds because in the
former case it included both re-sightings and physical recaptures. Dead encounters are registered when hunters

report rings of shot birds. The recovery probability (Seber’s r) is the probability, for a goose dying between year
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i and i+1, that hunting was the cause of death, that it was retrieved by the hunter, and that its ring was reported.
Because recoveries occur continuously throughout the year, they are coded at the next capture occasion (i.e.,
year i+1). We tested whether dead recovery probabilities differed between collared and non-collared birds,
possibly due to different reporting probabilities by hunters. We also tested whether there could be a different
collar loss rate in the first few years, up to 7 years after marking.

We started from a model with full time effect in interaction with collar effect on survival. Next, we reduced the
time x collar interaction to our three periods with different hunting regulations (1990-1998; 1999-2008; 2009-
2019) to assess whether the effect of collars on survival varied between periods. To determine whether any
collar effect on survival could be affected by changes in targeting of collared birds by hunters over the course of
our study, we also tested for possible effects of collars in interaction with time periods on recovery probability in
our top-ranking models. Because the number of recaptures and recoveries is low for birds marked in the last
few years of a CMR dataset, the estimated survival for these years is often imprecise. For this reason, survival
estimates of the last two occasions were not included in the estimation of the collar effect in all analyses. Two
years is a good compromise between loss of precision at the end of a dataset and maximizing the information
used to estimate the collar effect.

Hunting and natural mortality estimation

In a second analysis, we partitioned mortality into mortality from hunting and from natural causes by
decomposing the survival process into two transition matrices, one for each process (see Appendix S3.1). We
followed the parameterization developed by vanOudenhove et al. (2014), but slightly modified to include
heterogeneity in live-encounter probability and in recovery rate with respect to auxiliary mark loss. Because our
dataset alone contained no information on mortality sources other than hunting, we applied an external covariate
(annual harvest rate, HR) on hunting mortality probability to improve identifiability in the estimation of mortality
probability from each source. Annual harvest rate was obtained by dividing the estimated number of adult geese
harvested by hunters each year by the estimated fall population size. Total harvest is estimated through yearly
surveys sent to hunters by national wildlife agencies in Canada and the USA. The fall population size is estimated
from an aerial photographic survey of the whole population conducted in spring, when all greater snow geese
are on the staging grounds in the St-Lawrence lowlands and adjusted for mortality between spring and fall
(details in Appendix S3.2).

Model parameters are the same as in the previous analysis except for recovery probability. Here, r is conditional
on the cause of death being hunting because this process is modelled by the hunting mortality probability.
Consequently, r is analogous to a reporting rate in this parametrization as it includes only the probability that a

shot bird that died is retrieved, and its ring reported. We tested whether an effect of collars was present on
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hunting, natural or both sources of mortality and whether these effects differed between periods of stable hunting

regulations (i.e. collar x hunting period interaction).

Goodness-of-fit tests

We used the goodness-of-fit tests for multistate capture-recapture data developed by Pradel et al. (2003) and
implemented in U-CARE (Choquet, Lebreton, et al., 2009) to assess the fit of our most general model. We
detected overdispersion in our data (tests 3G and M highly significant, see Table S3.1) likely due to heterogeneity
in live-encounter probabilities, which can be explained by the biology of our study species and our sampling
design. We therefore modified our original model structure to correct for heterogeneity in live-encounter
probabilities and used a c-hat value of 1.256 to account for the remaining overdispersion (details in Appendices
S3.1and S3.3).

Interaction between stressors

To determine the presence of any interaction (synergistic or antagonistic) between our two stressors (A and B),
we compared the observed combined effect of hunting and collars to an additive model (expected combined
additive effect of Aand B = (A + B) - (A x B); Sih et al., 1998). This additive model represents the null hypothesis
of no interaction between A and B. The ‘- (A x B)’ part of the equation ensures that the combined effect of A and
B does not exceed 100%. This must be accounted for when investigating competing sources of mortality
because individuals killed by one stressor cannot also die from another stressor. The combined effect of our
stressors was considered additive if it was not statistically different than the expected additive effect, and non-
additive otherwise (C6té et al., 2016). To evaluate the effect of each stressor alone and in combination, we
compared mean mortality (i.e. 1 — survival) of collared and non-collared birds over the three periods defined by
stable hunting regulations. The effect of hunting regulations alone can be defined as the difference in mortality
between periods 2 (or 3) and period 1 for non-collared birds. Although there is still some hunting going on in the
first period, we are comparing our stress ‘treatments’ to the least stressful situation (i.e. period 1, with the most
conservative hunting regulations). The effect of collars alone can be defined as the difference in mortality
between collared and non-collared birds in the first period (1990-1998). The observed combined effect of collars
and hunting regulations is defined as the difference in mortality between collared birds in periods 2 (or 3) and
non-collared birds in period 1 (our ‘control’). The 95% confidence intervals around the null model estimate were

obtained by bootstrapping.
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3.5 Results

Between 1990 and 2018, we marked 22 599 adult females of which 15 725 were also fitted with neck-collars.
We physically recaptured 1296 non-collared birds (1 to 4 times each) and 3634 neck-collared females were
encountered (2703 resighted, 417 physically recaptured and 514 both) at least once but up to 9 times. Finally,
4892 marked geese were shot and had their rings reported.

3.5.1 Encounter and collar loss probabilities

Our best-supported model retained full time dependence on all encounter probabilities (Figs. S3.1 to S3.3,
Appendix S3.4). A constant difference (additive effect) between high- and low-encounter groups was retained
for live-encounter probabilities (M4 vs. M3 or M2, Table 3.1). Encounter probability of the highly observable
group was 5.8 and 3.9 times higher than in the weakly observable one for rings and collars, respectively (Figs.
S3.1and S3.2). Aninteraction between collar and time period (i.e. hunting regulation changes) was also retained
on recovery probability (M14 vs. M13, Table 3.1). Recovery probability was 1.3 times higher in collared than

non-collared birds in period 1, 1.7 times in period 2 and again 1.3 times in period 3 (Fig. S3.3).

Our best model retained an effect of time since ringing (i.e., age) on collar loss probability over a model without
any age effect (M6 vs. M5) or a with a fully age-dependent collar loss rate up to 4 years after marking (M6 vs.
M4, Table 3.1). Collar loss was moderate in the first year following marking (probability [95%(Cl]: 0.10 [0.06,
0.18]/year), low in the two following years (0.04 [0.03, 0.07]/year) and higher for the subsequent years (0.12
[0.10, 0.15]/year).

3.5.2 Collar effect

Annual survival

Our best-supported model retained an interaction between presence of a neck collar and time periods on survival
probabilities (M14 vs. M13 and M8, Table 3.1, see Appendix S3.5 for model implementation in E-Surge). We
found a clear negative effect of collars on survival in the second and third periods but not in the first period.
Indeed, average annual survival during the first period was 0.87 [0.85, 0.89] for collared birds and 0.88 [0.84,
0.90] for non-collared birds (M17, Table 3.1). during period 3 (Bcol 3) [95% Cl]=-0.71[-0.86, -0.56]) when hunting
regulations were liberalized in both Canada and the USA, than in period 2 (Bl @2) = -0.25 [-0.41, -0.10]; Fig. 3.1)
when this occurred only in Canada. Inclusion of a collar x time period interaction on recovery probability (M14

vs M13, Table 3.1) had virtually no effect on annual survival probabilities or on collar effect on survival.
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Table 3.1 Results of model selection for the analysis of collar loss, survival, and live and dead encounter in adult
female greater snow geese marked between 1990 and 2018. For each model, deviance, number of estimated
parameters (NP) and difference in QAIC (AQAIC) with the most parsimonious model (M14) are provided. The
complete model selection is provided in Table S3.3.

: Encounter .

Name Collarloss Survival RirGealGollaied bead NP Deviance  AQAIC
M14 a12:34 t+dys. col t+g t+g t+col.d 129 118268.54 0.00

M15 a1234 t+d. col t+g t+g t+col.d 130 118266.82 0.63

M13 Q1234 t+dy3. col t+g t+g t + col 127 118280.80 5.75

M9 a1234 t+d. col t+g t+g t + col 128 118279.72 6.90

M1l  aizas t+dzs. col t+g t+g t + col 126 118295.74 15.65
M16 a1234 t + col t+g t+g t+col.d 128 118295.31 21.31
M8 a1234 t + col t+g t+g t + col 126 118307.25 24.82
M18 a1234 di + d23 . col t+g t+g t+col.d 105 118360.23 25.00
M6 a1234 t. col t+g t+g t + col 154 118237.77 25.50
M17 1234 d.col t+g t+g t+col.d 106 118360.19 26.97
M4 a t.col t+g t+g t + col 156 118237.61 27.37
MI0  ai234 t+ds. col t+g t+g t + col 126 118311.04 27.83
M12  aizss d. col t+g t+g t+ col 104 118371.72 32.15
M5 i t. col t+g t+g t + col 152 118267.49  45.16
M3 a t. col t+g t.g t + col 183 118193.30 48.09
M2 a t.col t.g t.g t + col 210 118161.02 76.39
M7 a1234 t t+g t+g t+ col 125 118388.79 87.74
M1 a t.col t.g t.g t. col 237 118119.73 97.52

Note: a, age effect; t, time effect; d, time effect reduced to three periods (1. before special hunting regulations; 2: special
hunting regulations in Canada only; 3: special hunting regulations in Canada and the USA); col, collar effect; g,
heterogeneity in encounter probability (groups with high and low encounter probability); i, constant; ‘+', additive effect; *.",
interaction. Notation for indices: *:’ denotes a parameter constrained equal for two periods or age classes; ‘,’ denotes a
parameter varying between periods or age classes.

Hunting and natural mortality

Hunting mortality probability was related to annual harvest rate although the effect was not significant (Bur =
0.13 [-0.13, 0.39]). Based on our most parsimonious model, hunting mortality was higher in collared birds than
in those without collars (Beo (02 & a3y = 0.47 [0.27, 0.67]) during the last two periods and the effect was the same
during both periods (Table S3.4, Fig. 3.2). In contrast, non-hunting mortality was similar between collared and
non-collared birds during the first two periods but higher in the former group during the third period (Bco 3= 0.81
[0.49, 1.13]; Fig. 3.3). Based on the slope parameters, the effect was stronger on non-hunting than hunting

mortality.
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Figure 3.1 Effect of neck collars on survival probability of adult female greater snow geese marked between
1990 and 2016. A: Effect of collar on survival probability for three periods defined by different hunting regulations.
Points represent the coefficient of the collar effect (Bco) estimated by model M15 (Table 3.1). B: Annual survival

probabilities from the best-supported model (M14, Table 3.1). Dashed lines separate the three time periods with
different hunting regulations. Error bars are 95% C.I.
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Figure 3.2 Effect of neck collars on hunting mortality probability of adult female greater snow geese marked
between 1990 and 2016. A: Effect of collar on hunting mortality probability for three periods defined by different
hunting regulations. Points represent the coefficient of the collar effect (B.o) estimated by model P5 (Table S3.4).
B: Annual hunting mortality probabilities from the best-supported model (P10, Table S3.4). Dashed lines
separate the three time periods with different hunting regulations. Error bars are 95% C.1.
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Figure 3.3 Effect of neck collars on annual non-hunting mortality probability of adult female greater snow geese
marked between 1990 and 2016. A: Effect of collar on natural mortality probability for three periods defined by
different hunting regulations. Points represent the coefficient of the collar effect (Bco) estimated by model P5
(Table S3.4). B: Annual non-hunting mortality probabilities from the best-supported model (P10, Table S3.4).
Dashed lines separate the three time periods with different hunting regulations. Error bars are 95% C.I.

3.5.3 Interaction between stressors

We used model M17 (Table 3.1) to explore further the interaction between the effects of collars and hunting
regulations on survival because it allowed comparing mean survival across time periods for both collared and

non-collared birds. Changes in hunting regulations alone (i.e. measured in non-collared birds) led to an absolute
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increase in mortality of 0.08 [0.05, 0.11] and 0.06 [0.02, 0.09] in periods 2 and 3, respectively, compared to
period 1 (Fig. 3.4). When examining the same effects in collared birds, there was evidence that presence of a
neck collar and changes in hunting regulations acted synergistically in increasing mortality. The combined effect
of these stressors was marginally synergistic in period 2 considering the overlap in the
95% Cls of this effect and the additive null model. However, this combined effect was clearly synergistic in period
3 as the observed effect was almost three times stronger than that predicted by the additive model (Fig. 3.4).

Figure 3.4 Difference in mean annual mortality probability between each ‘treatment’ group and the ‘control’ group
based on estimates of model M17 (Table 3.1). The ‘control’ group refers to non-collared birds during period 1
(1990-1998), when hunting regulations were not yet liberalized. Error bars are the upper 95% Cl.
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3.6 Discussion

The quasi-experimental design of our 30-year study provided a rare opportunity to determine the presence and
magnitude of synergistic effects between stressors in a natural setting. The presence of each stressor alone and
in combination over long periods of time allowed us to decouple their effects from natural year-to-year variations
on a vital rate. We provide strong evidence of a synergistic interaction between the effects of marking and hunting
on goose survival. Indeed, we detected a negative effect of neck collars on survival only after hunting pressure
considerably increased following the implementation of special hunting seasons. Furthermore, this negative
effect was due to an increase in both hunting and non-hunting mortality in collared birds.

3.6.1 Hunting mortality

A possible mechanism to explain the increased hunting mortality of collared birds compared to non-collared
ones after the implementation of a spring hunt in 1999 is through an adverse synergistic effect of both stressors
on body condition. Both collars and hunting during spring staging were shown to affect body condition in this
population (Féret et al., 2003; Legagneux et al., 2013; LeTourneux et al., 2021), and the combination of these
impacts could increase the vulnerability of collared birds to hunting. This is supported by several lines of
evidence. First, there was little evidence of an effect of collars on survival before spring hunting was allowed in
1999, supporting the results of past studies (Menu et al., 2000; Reed et al., 2005). Second, some studies have
provided evidence that neck collars can negatively affect body condition (Legagneux et al., 2013), and reduce
breeding propensity and clutch size (Reed et al., 2005), two nesting parameters strongly dependent on body
condition in this species (Béty et al., 2003). Given that hunting pressure also reduces goose body condition in
spring (Féret et al., 2003; LeTourneux et al., 2021), we can imagine a situation where birds subjected to both
stressors would be prone to take more risks to make up for their poor condition. While there is potentially a
near-unlimited supply of food available to geese in agricultural fields, hunting disturbance can limit access to this
resource. As such, hunting can reduce body condition of geese not only by inducing a chronic stress but also by
limiting access to this food source, in addition to increasing energy expenditure and reducing foraging time.
Results from LeTourneux et al. (2021) support this by providing evidence that geese use food-rich agricultural
fields less when they are in good body condition, probably because these habitats represent a high risk due to
hunting activity. This is also in line with recent work by Fowler et al. (2019) showing that lesser snow geese
(Anser caerulescens c.) shot over decoys during spring migration are in poorer condition than those from the

general population.

Another possible explanation is that hunters could preferentially target collared birds thereby increasing their
hunting mortality. Indeed, collars are often considered trophies in the hunting community of North America, and

this phenomenon has gained in popularity over time. However, a previous study on Ross’ geese (Anser rossii)
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found no difference in survival between birds marked with white collars that are difficult to detect on white geese,
compared to strongly-contrasted collars (yellow and green; Caswell et al., 2012). This suggests that the overall
effect of collar targeting on survival remains low despite gaining in popularity. The reduction in recovery
probability detected in the last period of our study further supports that hunters have not become significantly
better at killing collared snow geese. Therefore, although selection of collared birds by some hunters may
contribute to the effects uncovered here, the available evidence does not support that this factor on its own could

drive a reduction in survival of the magnitude observed in our dataset.

3.6.2 Multiple stressors and increased allostatic load

Long-term exposure to stressors can induce a chronic physiological stress response in animals, which may
ultimately result in deleterious impacts on vital rates (Boonstra et al., 1998). To cope with stressors and maintain
normal physiological balance (i.e. homeostasis), animals must make behavioral and physiological adjustments
(allostasis; McEwen and Wingfield, 2003). Maintaining homeostasis under normal or unexpected circumstances
incur energetic costs which make up the allostatic load. When the allostatic load is larger than the energy
available in the environment, animals reach a state called allostatic overload (McEwen and Wingfield, 2003). In
greater snow geese, both collars and disturbance from uninterrupted hunting (Béchet et al., 2004) during the
non-breeding season constitute chronic stressors that contribute to the allostatic load. Collars may have
increased allostatic load before 1999 when hunting activity was limited, but geese could have coped with this by
reducing their reproductive investment. This would support the findings of Reed et al. (2005) that collared geese
had a lower breeding propensity and clutch size than non-collared geese. Indeed, the environmental canalization
hypothesis predicts that long-lived vertebrates like geese should evolve mechanisms to reduce the impacts of
environmental variability on adult survival, their most important determinant of fitness (Gaillard and Yoccoz,
2003; Stearns and Kawecki, 1994). When hunting pressure increased after 1999 and 2009, the cumulative stress
imposed by hunting and collars probably increased the allostatic load beyond the coping capacity of geese,
leading to increased mortality.

3.6.3 Non-hunting mortality

The decrease in survival of collared birds was also partly mediated through increases in non-hunting mortality,
which may involve several factors. First, formation of an ice layer on collars leading to mortality was reported in
geese following extreme weather events (strong winds combined to temperatures below freezing; Greenwood
and Bair, 1974; Zicus et al., 1983). Icing of collars following such events has also been reported in snow geese
(G. Gauthier, pers. obs.) but those reports are rare. Moreover, this issue could be more common in the mid-

continent where large swings in temperature are more common than on the Atlantic coast where greater snow
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geese are found. Although these events probably contribute to increase natural mortality, it is unlikely to be the

main factor driving this increase.

Second, birds injured during hunting but dying later may enter the “non-hunting mortality” component and such
instances could have increased with hunting pressure and thus explain some of the non-hunting mortality.
Unfortunately, since injured birds that eventually die are almost never found, the magnitude of this effect is
impossible to assess. Nonetheless, a reduced condition of collared birds could also contribute to an increase in
crippling loss if birds in poor condition take greater risks and get closer to hunters (e.g., Fowler et al., 2019). This

effect might be exacerbated further if hunters target collared geese that are too far to be killed effectively.

Finally, allostatic overload due to cumulative stressors may ultimately have increased vulnerability of collared
hirds to disease, predation, or exhaustion during periods of high energy demand such as migration and spring
staging. This could have contributed to the increase in non-hunting mortality observed during the last period of

our study.

3.6.4 Limitations

Because we used time periods as a proxy for hunting pressure, some potential confounding environmental
factors unrelated to hunting that have shown directional changes over the course of the study may have affected
goose survival. For instance, the greater snow goose population has increased almost three-fold during the first
period of this study, (Lefebvre et al., 2017), which may have led to density-dependent effects. However, the
population did not exceed the estimated carrying capacity of its breeding habitat at that time (Massé et al., 2001)
and has remained relatively stable during our periods 2 and 3 despite annual fluctuations (Lefebvre et al., 2017).
Adult survival is also the demographic parameter usually least affected by density-dependent effects in long-
lived species (Gaillard and Yoccoz, 2003). Moreover, any density-dependent effect on adult survival is unlikely
to have differentially affected collared and non-collared birds, the question of primary interest in our study.
Changes in the distribution of geese have also been reported in relation to changes in agricultural practices and
climate warming (Calvert et al., 2005; Gauthier et al., 2005). However, most of these changes were reported to
have started in the 1970s and 1980s, before this study and are thus unlikely to have affected our results. Some
changes in the distribution and habitat use of this species were reported in the last 30 years (Béchet et al., 2004),
but these were mostly attributed to changes in hunting regulations because of the increasing disturbance. All of

this suggests that time periods were a suitable proxy for the effect of changes in hunting regulations in our study.

3.7 Conclusion
With the increasing pace of environmental change, there is a heightened potential for novel interactions between

new and pre-existing stressors on wildlife species. Animal marking, especially with large conspicuous markers,
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may impose a small but chronic physiological stress on animals. Although possible negative impacts of markers
on wildlife are generally evaluated at the onset of research programs, such studies are often short-term and if
no impacts are detected, the question is rarely revisited afterwards. Our study constitutes a rare demonstration
in a natural setting that a combination of stressors can push animals beyond a threshold where vital rates are
affected, even if the individually applied stressors may have initially had limited or undetectable impacts. In our
case, neck-collars, which had no effect on survival of geese at the start of the study, later caused severe impacts
to this key fithess parameter when the birds were exposed to increased hunting pressure. As such, we
recommend that the use of plastic neck collars to monitor survival is discontinued in snow goose populations.
Finally, we urge wildlife biologists to carefully consider the potential interactions between the effect of markers
and changing environmental conditions during long-term marking programs, and to periodically revisit the
potential impacts of the markers they are using. This is important not only for ethical considerations but also to

ensure that valid scientific inferences can be made from studies based on marked animals.
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Chapitre 4 — Evidence for seasonal compensation
of hunting mortalities in a long-lived migratory
bird

« | hate Mondays. »
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4.1 Résumé

Pour gérer efficacement une population exploitée, il faut savoir si la mortalité a la chasse est additive ou
compensatoire aux autres sources de mortalité. Chez les espéces longévives, la mortalité a la chasse est
généralement additive, ce qui fait de la chasse sportive un outil de gestion de prédilection pour ces especes.
Les études sur ces processus se sont principalement intéressées a comprendre si la mortalité naturelle induite
par les facteurs dépendant de la densité pouvait compenser la mortalité a la chasse. Cependant, lorsque la
chasse a lieu durant des périodes distinctes, on pourrait également observer une compensation des mortalités
dues & la chasse entre ces périodes s'il y a présence d’hétérogénéité individuelle dans la vulnérabilité a la
chasse. Nous explorons cette nouvelle hypothése chez la grande oie des neiges (Anser caerulescens
atlanticus), une population devenue surabondante a la fin du XXe siécle. Pour contréler sa surabondance, les
organismes de gestion de la faune ont mis en place des mesures sans précédent, comme I'ouverture de saisons
de chasse spéciales au printemps au Canada en 1999 et en hiver aux Etats-Unis en 2009. Pour déterminer
l'impact relatif de chaque mesure sur la population, nous avons estimé le taux de survie des adultes sur une
base saisonniere grace a 30 ans de données de capture-marquage-recapture analysées avec un modele multi-
événement de mélange d’information. Nous avons aussi utilisé ce design quasi-expérimental pour évaluer la
possibilité d’une compensation des mortalités a la chasse entre les saisons. Nos résultats indiquent que chaque
mesure a causé une diminution du taux de survie des oies durant les saisons ou celles-ci ont été appliquées.
Cependant, le taux de survie au printemps a augmenté aprés l'instauration des mesures spéciales a I'hiver aux
Etats-Unis en 2009 malgré le maintien de la chasse printaniére au Canada. Nous avons trouvé une relation
négative entre les mortalités au printemps et a I'hiver, ce qui suggére que 'augmentation des mortalités de
chasse & cette saison a été compensée par une réduction de la mortalité au printemps aprés 2009. A notre
connaissance, nous rapportons ici le premier cas d’une compensation de la mortalité a la chasse a une saison
par une réduction de cette mortalité lors d’'une saison ultérieure. Nous suggérons que ce phénomene peut étre
expliqué par une hétérogénéité dans la vulnérabilité a la chasse parmi les individus, potentiellement liée a la
présence de juvéniles avec leurs parents. Une meilleure compréhension des relations entre les évenements de
mortalité inter-saisonniers devrait améliorer notre compréhension de la dynamique des populations et de la

gestion des espéces exploitées ou surabondantes.

Mots clés: Mortalité compensatoire - Grande oie des neiges - Réglements de chasse - Modeles multi-evenement

- Surabondance - Compensation saisonniére - Survie
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4.2 Abstract

Understanding whether hunting mortality is additive to or compensated by other mortality sources is at the heart
of managing harvested populations. Long-lived species are expected to exhibit hunting mortality additive to other
sources of mortality, making them ideal candidates for population management through sport harvest. Previous
studies on these processes have focussed on density-dependent natural mortality compensating for hunting
mortality, but when harvest occurs in distinct periods of the year, heterogeneity in hunting vulnerability between
individuals could also lead to compensatory mortality between these periods. We explore this new idea using
the case of the greater snow goose (Anser caerulescens atlantica), a harvested species whose population
became overabundant in the late 20t century. To control this population, wildlife agencies liberalized hunting
regulations with unprecedented actions such as special hunting seasons implemented in spring 1999 in Canada
and in winter 2009 in the USA. To determine the relative impact of each measure on survival, we estimated
survival of adult geese on a seasonal basis using 30 years of capture-mark-reencounter data in a joint live-and-
dead-encounter multievent model. We also used this quasi-experimental set-up to evaluate possible
compensation in hunting mortality between seasons. We found that both special hunting seasons decreased
goose survival in the seasons and periods in which they were implemented. However, survival increased during
the spring hunting season after the establishment of the special winter hunting season in the USA in 2009. There
was a negative relationship between annual spring and winter mortalities, suggesting that the increase in hunting
mortality in winter was compensated by a reduction in spring mortality after 2009. To our knowledge, we report
the first documented instance of hunting mortality in one season being compensated by a reduction in hunting
mortality in a subsequent season. We suggest that heterogeneity in hunting vulnerability among individuals,
possibly linked to the presence of juveniles accompanying their parents, may explain this phenomenon. A better
knowledge of seasonal patterns and relationships between mortality components is needed to improve our

understanding of population dynamics and management of harvested populations.

Keywords: Compensatory mortality - Geese - Hunting regulations - Multievent capture-recapture modeling

Overabundance - Seasonal compensation - Survival
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4.3 Introduction

Adverse effects of humans on wildlife are numerous and include, among others, habitat destruction and
overexploitation (Steffen et al., 2011). Paradoxically, some of the most dramatic impacts of human activity are
mediated through indirect positive effects on some species. For instance, human activity can provide
opportunities for native populations to grow well beyond their historical abundance, ultimately changing
ecosystem balance (e.g., Coté et al., 2004; Jefferies & Rockwell, 2002). Additionally to their impacts on natural
systems, overabundant native species are also the source of numerous human-wildlife conflicts (Bradbeer et
al., 2017; Coté et al., 2004; Tombre et al., 2013; Wagner and Seal, 1992; Witmer, 2022).

Among existing tools to manage overabundant populations , sport harvest (hunting) is a cost-effective method
when it can be implemented. Hunting may also have higher public acceptance compared to more direct control
methods such as culling or hazing (Fix et al., 2010). Game species thus lend themselves well to such
management actions because of long-standing hunting traditions. However, managers must understand how

hunting impacts demographic rates for management through hunting to be successful.

The concepts of additive and compensatory mortality are central to population management through hunting
(Anderson and Burnham, 1976). Compensatory mortality occurs when hunting mortality is compensated by a
reduction of natural mortality later in the annual cycle (Boyce et al., 1999). This can happen if harvest lowers
population density sufficiently to reduce density-dependent mortality, or if hunting selectively harvests weak
individuals (e.g. Fowler et al., 2019; Guillemain et al., 2007) that would likely have died from other causes (i.e.,
individual heterogeneity, Lebreton, 2005). Harvest then has a reduced effect on annual survival because an
increase in hunting mortality is compensated by a decrease in natural mortality (Lebreton, 2005). Additivity
occurs when harvest mortality is added to natural mortality, leading to a reduced annual survival proportional to
harvest mortality (Cooch et al., 2014). These two hypotheses are only points along a continuum of possibilities
where natural mortality can partially compensate, overcompensate or be over-additive to hunting mortality
(Grzegorczyk et al. 2024). This topic has received considerable attention, in part because of its central role in
wild game management (Péron, 2013; Riecke et al., 2022). Hunting mortality must be additive to natural mortality

to successfully reduce overabundant populations through harvest regulations.

Compensation mechanisms have traditionally been investigated in terms of natural mortality compensating for
hunting mortality. Yet, in the presence of strong heterogeneity in hunting vulnerability among individuals, the
same process could take place between hunting mortalities occurring in distinct seasons. For instance, if high
harvest in one season eliminates individuals most vulnerable to hunting, this could reduce hunting mortality in
subsequent seasons as fewer vulnerable individuals remain in the population. This seasonal compensation

hypothesis is of particular interest for migratory species moving across several jurisdictions with different hunting
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regulations (Holopainen et al., 2018). Indeed, many harvested populations need to be jointly managed either to
provide equitable recreational harvest opportunities across jurisdictions (Anderson et al. 2018), manage
subsistence vs. sport harvest practices (Muth et al. 1987) or reconcile recreational and commercial interests
(Ricouard et al. 2023). In such cases, understanding the impacts of harvest timing on population dynamics may
be critical for maximizing harvest opportunities among stakeholders.

Several goose populations have become overabundant worldwide as a result of human activity (Ankney, 1996;
Fox and Madsen, 2017; Gauthier et al., 2005). Because hunting mortality is considered additive in geese
(Alisauskas et al., 2006; Cooch et al., 2014; Gauthier et al., 2001), special hunting seasons have been
implemented throughout their annual cycle to curb population growth (Koons et al., 2014; Lefebvre et al., 2017;
Madsen et al., 2016; Sheaffer et al., 2005). Overabundant geese are thus well suited to examine possible
seasonal compensation in hunting mortality as they migrate through different states. This could also have

important consequences for the success of management actions implemented in different jurisdictions.

Greater snow geese (Anser caerulescens atlantica) are considered overabundant in North America, and
numerous management actions were implemented over two decades to stop their population growth (Lefebvre
etal., 2017). The main actions were the establishment of special hunting seasons (Lefebvre et al 2017). A first
special hunting season (legally referred to as a Conservation Harvest) was implemented on the spring staging
grounds in Québec, Canada in 1999. Then, 10 years later, another special hunting season was implemented in
late winter in the USA (legally referred to as the Conservation Order). As a result, greater snow geese are now
continuously exposed to hunting from arrival from their arctic breeding grounds in early September in Québec
until their departure for the north in late May. These conservation efforts succeeded in stabilizing population size
in recent years, in large part due to a decrease in annual survival after 1999 (Calvert and Gauthier, 2005;
Lefebvre et al., 2017; LeTourneux et al., 2022). Unexpectedly however, LeTourneux et al. (2022) found no
evidence of a further decrease in annual survival after 2009 when the special winter hunting season was
established in the USA. We propose two alternative hypotheses for this result. First, the additional hunting
pressure was insufficient to increase hunting mortality during winter. Alternately, the increase in winter hunting
mortality was compensated by a reduced hunting mortality during spring. In presence of heterogeneity in hunting
vulnerability, an increased winter mortality could reduce the pool of vulnerable individuals available for hunters

during spring, leading to an increase in spring survival and offsetting any increase in winter hunting mortality.

In this study, we use 30 years of capture-marking-reencounter (CMR) data to determine the relative impact of
two new hunting seasons (spring in Canada since 1999 and winter in the USA since 2009) on seasonal survival
of greater snow geese. Because annual survival did not change after implementation of the special winter

hunting season in the USA (LeTourneux et al., 2022), we also explore whether a potential increase in winter
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mortality due to hunting after 2009 could be compensated by a decrease in mortality during the following spring

(seasonal hunting compensation hypothesis).

4.4 Methods
4.4.1 Ringing data

Greater snow geese spend the winter on the east coast of the USA (November-March), migrate to the High Artic
to breed during the summer (June-August) and stop in southern Québec, Canada, during spring (March-May)
and fall (September-November) for staging. Geese were captured from 1990 to 2019 and marked at the end of
the breeding season on Bylot Island, Nunavut (73N 80W), the largest known greater snow goose breeding
colony, when they are moulting and flightless (details in (Menu et al., 2000). All captured birds were fitted with a
metal leg-ring and 2/3 of adult females were also fitted with a plastic neck collar, which was accounted for in our
analysis. Individuals were aged (young of the year vs adults, i.e. = 1 year old) by plumage, sexed by cloacal
eversion, and checked for presence of markers. Young are captured with adults in family groups but were
excluded from this analysis. All capture methods and animal manipulations complied with the relevant ethics
guidelines and were approved by the Canadian Bird Banding Office, the Mittimatalik Hunter and Trapper

Organization, Parks Canada and the Animal Protection Committee of Université Laval.

Marked geese could be encountered in three ways. (1) Physical recaptures of birds wearing solely a leg-ring
occurred during the ringing drives on the breeding grounds (summer occasions; see Encounters section in 4.4.2
below for definition of seasons). (2) Birds wearing a collar could be recaptured on the breeding ground but also
resighted continuously during the year (breeding colony and on staging and wintering grounds) either by our
field teams or birdwatchers. Physical recaptures of collared birds were pooled with summer resightings for our
analysis (see details below). (3) Recoveries of rings from birds shot by hunters could occur during hunting
seasons. Before the spring hunt was established in 1999, recoveries could only occur during fall staging in
Québec and winter in the USA. Starting in spring 1999, recoveries could also occur during spring staging in

Québec.

4.4.2 Data analysis

We used multi-event capture-mark-reencounter models (Pradel, 2005) to estimate adult survival on a seasonal
basis. We used the parametrization developed by LeTourneux et al. (2022) to estimate survival (S), collar loss
(C), live-encounter (p) and recovery (Seber’s r) probabilities, but modified to estimate probabilities on a seasonal
basis. This parametrization allowed us to account for heterogeneity in recovery probability with respect to collar
loss (details in Juillet et al., 2011), as well as heterogeneity in live-encounter probability (see below). The detailed

structure of our general model including transitions between states is presented in Appendix S4.1. We built
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reduced models with parameter constraints representing biological hypotheses of interest and used Akaike’s
Information Criterion corrected for overdispersion (QAIC) to select the most parsimonious models (Burnham and
Anderson, 2002). We used program E-SURGE for survival analyses (Choquet et al., 2009b) and U-Care for
goodness-of-fit tests (Choquet et al., 2009a). Other analyses were conducted in the R statistical environment (R
Core Team, 2020). Figures were generated with packages ggplot2 and tidyverse (Wickham, 2016;
Wickham et al., 2019).

Encounters

Over the course of their annual cycle, geese move across distinct geographical locations where hunting
regulations differ (Fig. 4.1). To account for that, we divided the year into four encounter occasions (summer, fall,
winter and spring) based on the geographic location and time of year. Live encounters on the breeding grounds
during the summer (physical recaptures or resightings) were coded in the summer encounter occasions.
Resightings occurring during fall and spring staging in southern Québec were coded in the fall and spring
occasions, respectively, and those occurring in the USA during winter were coded in the winter occasion (see
Fig. S4.1 for the temporal distribution of encounters at each season). Our model accounted for unequal time
interval lengths between capture occasions (2.5 months between the summer-fall and fall-winter occasions, 3.5
months between the winter-spring and spring-summer occasions). Seasonal estimates reported in the results

are raised to the length of the interval and thus represent the survival for the full length of each season.

Encounter probability of leg-ringed birds could be estimated only during summer when physical captures took
place. For collared birds, observations occurred continuously during the year so their encounter probability could
be estimated at each season. While continuous encounters violate the CMR model assumption of discrete
encounter occasions (Lindberg, 2012), simulations revealed this did not significantly bias our survival estimates
(Appendix S4.2).

The recovery probability (Seber’s r) is defined as the probability, conditional on a bird dying between occasion t
and t+1, that the cause of death is hunting and that the bird was retrieved and reported by the hunter (Gauthier
and Lebreton, 2008). Dead recoveries also occurred continuously throughout the hunting seasons and were

coded in the next encounter occasion (e.g., birds recovered in fall were coded in winter).

Model building

We used knowledge from the survival analysis of LeTourneux et al. (2022) on this population to determine our
starting model (MO, Table 4.1; see Appendix S4.1 for model structure).. We included a sex effect on live
encounter probability during summer because males have lower breeding site fidelity than females (Cooke et

al., 1975). Goodness-of-fit tests revealed the presence of heterogeneity in seasonal encounter probabilities, as
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previously found by LeTourneux et al. (2022) on an annual basis (details in Appendix S4.3). These effects were
incorporated in our starting model as detailed in Appendix S4.1. We accounted for the remaining lack of fit by
adjusting the AIC with a c-hat value (¢ = 2.0; Appendix S4.3).

We included a collar effect on survival probability that differed between seasons and time periods (see below for
definition) as found by LeTourneux et al., (2022). However, because our dataset contains no information on
survival of leg-ringed-only birds in spring before 1999 (no recoveries in spring before 1999), we did not include
a collar effect on spring survival before 1999. This assumption is reasonable because previous studies found no
evidence of a collar effect on survival in this population before hunting was liberalized in 1999 (LeTourneux et
al., 2022; Menu et al., 2000; Reed et al., 2005).

We were interested in determining how seasonal survival rate changed in response to management actions
implemented in Québec in 1999 and the USA in 2009. We therefore defined three time periods (‘hunting periods’
from now on): (1) 1990-1998 without special management actions, (2) 1999-2008 when spring hunting was
introduced in Québec only and (3) 2009-2019 when the special hunting seasons were present in both Québec
in spring and the USA in winter. We computed annual survival estimates by multiplying the seasonal survival of
each season raised to the length of the interval for each season. Confidence intervals for these estimates were

obtained by parametric bootstrap. Additional modelling considerations are addressed in Appendix S4.4.

Compensation between mortalities

We evaluated the hypothesis of a seasonal compensation between winter and spring mortality with a post-hoc
logit-normal linear regression between spring and winter mortality estimates (i.e., 1 — survival). We accounted
for uncertainty in mortality estimates using a parametric bootstrap approach. We generated 10,000 datasets of
winter and spring survival by sampling values from logit-normal distributions defined by each survival estimate
and its standard error obtained from the CMR analysis. We ran a linear regression between spring and winter
mortality values derived from each simulated dataset and we calculated the mean slope and its 95% confidence
interval from the distribution of the 10,000 slope estimates. To explore whether sampling correlation could yield
a negative relationship between winter and spring mortality, we repeated the same procedure for pairs of
seasons with hunting where no compensation was expected (i.e. fall-winter; fall-spring). All effects and estimates

are reported with their 95% confidence intervals.
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Figure 4.1 Graphical representation of the data sampling design. The circle depicts the information available for
each season, and the length of each arrow represents the relative length of each season. The timeline indicates
hunting periods with the hunting regulations associated with each.

4.5 Results

Between 1990 and 2019, we marked 30,043 adult geese (23, 198 males and 6,891 females) with leg rings only
and 15,725 adult females with collars and leg rings. During that period, 14,533 birds were encountered alive at
least once but up to 23 times for collared birds and up to 5 times for leg-ringed-only birds (11,969 only resighted,
2,276 only physically recaptured and 288 both). Additionally, 8,954 geese were shot and had their rings reported
by hunters.
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Table 4.1 Results of model selection for the analysis of seasonal survival, live encounter (physical capture of
leg-ringed-only birds), and dead encounter (recovery) probabilities of adult greater snow geese marked between
1990 and 2018. For each model, deviance, number of estimated parameters (K) and difference in QAIC (AQAIC)
between the current and the most parsimonious model (M10) are provided. Full time variation and heterogeneity
in interaction with seasons was applied to live encounter probabilities of collared birds in all models. The
complete model selection is provided in Table S4.3.

Mﬁgel Survival Capture  Recovery K AQAIC
M10 d.sp+su+dizz.witdizs.fa+col.seas.dzs tu+th+s t+col.d 259 0.00
M11 d.sp+su+wi+dias.fa+col.seas. dz23 tuth+s t+col.d 258 0.98
M9 d.seas,sp+ SU+d123. Wi+ col.seas. dz23 tw+th+s t+col.d 260 2.00
M13  d.seaSsuf,sp+ Wi+ col.seas. dz3 tw+h+s t+col.d 261 5.87
M8 d.seassyfaspt+ diz3. Wi+ col. seas. dz3 tw+th+s t+col.d 262 5.99
M6 t+col.seas. d23 twth+s d.(seas+col) 297 7.13
M7 d.seas+ col.seas.dz23 tw+th+s t+col.d 263 7.45
M14 d.seassyfaspt+ di23. wi+col.seas. dz23 tw+th+s t+col.d 262 7.85
M5 d.seas. col tw+th+s t+col.d 266 10.73
M12 d123.Sp+Su+diz3.wi+diz3.fa+col.seas.dzs tsuth+s t+col.d 258 10.80
M4 d.seas+ col.seas.dz23 tu+th+s t+col 261 11.79
MO t+ col.seas.d twt+th+s t+col 370 73.91
M2 t+ col.seas. d23 twth+s t+col 367 74.45
M3 t+ col.d2s twth+s t+col 361  136.20
M1 t+ col.seas.d tsu + h t + col 369  296.37

Note: t, full time effect (seasons x years); d, year effect reduced to three periods (1: before special hunting
regulations, 1990-1998; 2: special hunting regulations in Canada only, 1999-2008; 3: special hunting regulations
in Canada and the USA, 2009-2019); seas, full seasonal effect (all seasons differ); su (summer), fa (fall), wi
(winter) or sp (spring), seasonal effect present in the specified season; ts,, year effect for the summer season
only; s, sex, col, collar effect; h, heterogeneity in encounter probability (groups with high and low encounter
probability); ‘+', additive effect; ", interaction. Notation for indices: *:’ denotes a parameter constrained equal for
two periods; ‘,” denotes a parameter varying between periods.

The preferred model (M10, Table 4.1) retained the following effects on encounter and survival probabilities. Live
encounter probability of collared females showed full time variation and heterogeneity (as detected by the
goodness-of-fit tests, Appendix S4.3), with birds from the highly observable group being encountered 2.4 to 7.8
times more than those of the weakly observable group depending on the season and year (Fig. S4.3). Probability
of physical recapture of leg-ringed birds also varied over time, showed heterogeneity, and was 2.4 to 2.7 times
higher in females than males (MO vs. M1, Table 4.1; Fig. S4.3). Recovery probabilities varied over time (seasons
and year) and between collar and leg-ringed-only birds in interaction with hunting period (M7 vs. M4, Table 4.1).
Collared hirds were always recovered more often than leg-ringed-only birds(Fig. S4.5). Finally, survival varied
between seasons and between collared and leg-ringed geese (M2 vs. M3, Table 4.1), although the latter effect
was only present during the 2 and 31 hunting periods (M7 vs. M5). The effect of collars on survival probability

was strong during winter, but weaker in other seasons (Fig. S4.6)
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4.5.1 Variations of survival across hunting periods

We found strong evidence that the spring hunt implemented in Québec in 1999 reduced spring survival of greater
snow geese (B =-0.72 [-1.15, -0.29]) compared to the period before it was in place (Ssping_1990-1908: 0.95 [0.93,
0.97]; Sspring_1999-2008: 0.91 [0.89, 0.92], Fig. 4.2). The liberalization of hunting regulations in fall also reduced
survival (B =-0.57 [-0.87, -0.29]; Stai_1990-1908 : 0.95[0.93, 0.97]; Stai_1999-2019: 0.92 [0.91, 0.93], Fig. 4.2). However,
we found no evidence for differences in winter before and after 1999 (M13 vs. M14; M7 point estimates:
Swinter_1990-1998: 0.94[0.92, 0.96]; Swinter 1999-2008: 0.95[0.94, 0.97)).

We found evidence that the special hunting season in the USA negatively affected winter survival of geese
compared to the period before it was implemented ( = -0.41 [-0.67, -0.14]). The absolute difference in survival
was moderate (Swiner_1990-2008: 0.95 [0.94, 0.96]; Swinter 2009-2010: 0.93 [0.92, 0.94], Fig. 4.2) but represents a strong
effect when reported on an annual basis (i.e., 0.85 vs. 0.78). However, spring survival increased after
implementation  of the special winter hunting season (3 = 066 [0.16, 1.16]
Sspring_1999-2008: 0.91 [0.89, 0.92]; Sspring_2000-2019: 0.95 [0.93, 0.96]; Fig. 4.2). On the other hand, we found no
evidence for differences in fall survival between these two periods (M10 vs. M9; M7 point estimates: Sai_1999-2008:
0.92[0.89, 0.94]; Stai_2009-2019: 0.92[0.90, 0.94]). Finally, summer survival was high (Ssummer: 0.996 [0.990, 0.998],

Fig. 4.2) and there was no evidence that it varied across hunting periods (M9 vs. M8).

4.5.2 Compensation in seasonal mortality and annual survival

We found evidence for an inverse relationship between winter and spring mortality between 1999 and 2018 (B
=-0.58 [-1.19, 0.02]; Fig. 4.3). We found no evidence of similar relationships between other combinations of
hunting seasons (winter vs fall: § =-0.03 [-0.27, 0.22]; spring vs fall: § = -0.05 [-0.42, 0.31]; Figs. S4.8 and S4.9).
Annual survival estimates reconstructed from seasonal estimations (Fig. 4.4) show lower survival in period 2
(S1999-2008: 0.79 [0.77, 0.81]) compared to period 1 (S1a00-190s: 0.86 [0.84, 0.88]) but virtually no change between
periods 2 and 3 (Szo0e-2016: 0.81 [0.79, 0.83]). These annual survival estimates are very similar to those obtained
by LeTourneux et al. (2022) directly on an annual basis (Fig. S4.7), indicating that our seasonal survival
estimates are realistic. Finally, there was no relationship between annual survival estimates (1999-2019) and

the annual harvest rate (Appendix S4.6: Section S4.6.2), further pointing to a compensatory relationship.
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Figure 4.2 Seasonal survival estimates of leg-ringed adult greater snow geese between 1990 and 2019. The
dotted line represents survival estimated from our best supported model (M10; Table 4.1) with its 95%
confidence intervals (shading). Points represent yearly survival estimates from model M6 along with their 95%
Cl.

4.6 Discussion

The use of 30 years of capture-mark-reencounter data collected on a seasonal basis provided an unprecedented
opportunity to examine potential compensation of mortalities between successive hunting seasons. While annual
survival of greater snow geese has been stable since the implementation of the special spring conservation hunt
in 1999 (LeTourneux et al., 2022), we find a different pattern at a seasonal level. Indeed, seasonal survival was
reduced by both special hunting seasons when they were implemented, allowing us to reject the hypothesis that
the special winter hunting season was inefficient in reducing survival after 2009. Instead, we find support for our
seasonal hunting compensation hypothesis, where the increased winter mortality in 2009-2019 was offset by a
reduction in spring mortality during the same period. Furthermore, we provide evidence that the adverse impacts

of collars on survival of greater snow geese (LeTourneux et al., 2022) is highly seasonal, occurring mostly in

winter.
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Figure 4.3 Relationship between spring and winter mortality estimates of adult greater snow geese between
1999 and 2018, after implementation of special hunting seasons in Canada only (spring only, 1999-2008, closed
dots) and in Canada and USA (spring and winter, 2008-2019, open dots). Error bars are 95% C.I. of annual
survival estimates computed as 1-survival from model M6 (Table 4.1). The black line represents the mean
bootstrapped slope estimated from 10 000 simulations (see methods; B [95%Cl] = -0.58 [-1.19, 0.02]). The gray
shading represents the central 95% of the bootstrapped relationships.

4.6.1 Seasonal compensation of hunting mortalities

The presence of compensation in hunting mortality is surprising, especially in a long-lived species. Indeed,
hunting mortality was found to be additive to other sources of mortality in adult greater snow geese (Gauthier et
al., 2001) and other goose species (Fox, 2003; Koons et al., 2014; van der Jeugd and Kwak, 2017).
Compensation in hunting mortality is commonly reported in species with relatively high natural mortality rates
and explained by density-dependent mechanisms (Arnold et al., 2016; Cooch et al., 2014; Riecke et al., 2022;
Sandercock et al., 2011). In those species, fall hunting mortality is typically compensated by reductions in natural
mortality during winter due to reduced competition for resources (Boyce et al., 1999). This is unlikely in greater

snow geese because they suffer from relatively low natural mortality (LeTourneux et al., 2022), and they have
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Figure 4.4 Annual survival estimates of leg-ringed adult greater snow geese between 1990 and 2019. Annual
values were reconstructed from seasonal survival presented in Fig. 4.2 (see methods). The dotted line
represents survival estimates calculated from our best supported model (M10; Table 4.1) with its 95% confidence
intervals (shaded area). Points represent yearly survival estimates calculated from model M6 along with their
95% ClI.

access to near-unlimited high-quality agricultural food sources in winter and spring (Fox and Abraham, 2017;
Gauthier et al., 2005). Furthermore, if density-dependence was the driver of the compensatory relationship
between winter and spring mortalities, we would expect to find a similar relationship before the implementation

of new hunting regulations in 1999, which was not the case (Gauthier et al., 2001).

Several lines of evidence suggest that the seasonal compensation in mortality observed between winter and
spring is driven by changes in hunting mortality. First, hunting is known to be the dominant source of mortality
in adult snow geese (Francis et al., 1992a; Gauthier et al., 2001; LeTourneux et al., 2022). Second, the observed
changes in seasonal survival perfectly match the changes in hunting regulations that took place in the different
seasons. Third, a strength of our study is that we benefitted from a large scale, quasi-experimental situation with
two major changes in hunting regulations during different seasons. Each of the three “experimental” periods
were long (~10 years) and had relatively stable hunting regulations, which attenuates possible confounding

effects caused by annual environmental variability. Furthermore, the seasonal hunting compensation occurred
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during a period of stability in population size (Lefebvre et al., 2017), which also minimizes possible confounding
density-dependent effects. To our knowledge, it is the first time that a seasonal compensation in hunting mortality

is reported in a long-lived species.

A likely explanation for the seasonal compensation uncovered here is individual heterogeneity in hunting
vulnerability (Lebreton, 2005) that generates a “pool” of individuals more vulnerable to hunting. Several
mechanisms could lead to this heterogeneity. For instance, parents with young are more exposed to hunting
mortality than those without young because juvenile geese are naive and are more harvested by hunters
(Calvert et al., 2005; Clausen et al., 2017; Koons et al., 2014). Hunters regularly report observations of one or
two adults that follow juveniles lured by decoys (probably their parents) in an attempt to lead them away
(LeTourneux and Gauthier, pers. obs.). This behavior has been anecdotally reported in the literature for snow
geese (Giroux and Bedard, 1986), and was proposed as the cause of observed differences in survival between
breeders and non-breeders (Francis et al., 1992b). This mechanism can also explain how the variation in
vulnerability is maintained in the population as the ‘pool’ of vulnerable birds, i.e., parents with young, is renewed
every year. Other factors such as individual variation in body condition could also lead to heterogeneity in hunting
vulnerability as individuals in low body condition are less weary of decoys and more vulnerable to hunters (Fowler
etal., 2019). Intra-generational selection due to heterogeneity in individual quality (sensu Cam et al. 2013) could
be an alternative mechanism generating the observed seasonal survival pattern. The higher spring survival could
then represent a within-year amelioration of the population. However, such a selection process may occur on a

longer timescale than the duration of this study and predominantly affect young birds.

4.6.2 Seasonality in collar effect

Our results confirmed a reduced survival of collared females compared to leg-ringed-only birds after
implementation of special hunting seasons in 1999 and 2009 as reported by LeTourneux et al. (2022). However,
the increased mortality of collared females occurred almost exclusively during winter when geese are in the
USA, suggesting a stronger contribution of collar targeting by hunters to the observed reduction in survival than
proposed by LeTourneux et al. (2022). Goose collars are considered trophies in the hunting community, and this
phenomenon has gained in popularity in the last 20 years with the advent of internet. Many US hunters specialize
in finding and shooting neck-collared geese (N. Huck, M. Szymanski; pers. comm.), despite efforts to educate
hunters in treating collared birds as normal individuals. The popularity of collecting goose collars among US
hunters is thus a plausible explanation for our results (Fig. S4.6). Alternatively, if the impact of collars was solely
due to factors such as chronic stress and adverse effects on body condition, survival of collared geese should
be equally impacted in spring and fall. Our results also suggest that the phenomenon of targeting collared geese

for trophies is less prevalent in Quebec where most greater snow geese are harvested in Canada.
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4.6.3 Limitation of the study

Investigation of compensation between different mortality components is ideally carried out by modeling the
relationship directly within the capture-mark-reencounter model. This allows disentangling sampling correlation
from the true ‘process correlation” between mortality estimates (i.e. compensation) while properly propagating
errors (e.g., Koons et al., 2014; Servanty et al., 2010). This can be done using flexible tools available for
Bayesian analysis (e.g., NIMBLE) but is much more difficult to implement using classical frequentist tools.
Unfortunately, a Bayesian approach was not feasible here because the size of our dataset (> 30 000 birds with
> 9 000 unique capture histories) and the complexity of our seasonal model (> 250 parameters) required
prohibitive computing times for MCMC sampling. Although the presence of some unaccounted sampling
correlation between winter and spring mortality estimates in our data may be a limitation, we believe that it did
not seriously bias our calculation of compensation. First, if sampling correlation between winter and spring
mortality estimates was large, we would expect to find similar relationships between mortalities in other seasons,
which was not the case (Figs. S4.8 and S4.9). Second, the compensation uncovered here is perfectly in line with
results of LeTourneux et al. (2022) who found no change in average annual survival of leg-ringed-only birds after
the implementation of the special winter hunt in the USA in 2009 based on an annual analysis. Finally, we find
no relationship between annual survival and harvest rate of greater snow geese (Fig. S4.10), as expected in

presence of a compensatory relationship between mortality components.

4.6.4 Implications of seasonal compensation

The importance of understanding seasonal patterns when evaluating potential compensation between different
mortality sources has often been emphasized (Boyce et al., 1999; Kokko and Lindstrém, 1998; Sandercock et
al., 2011). To our knowledge, however, this has not been discussed in terms of compensation in hunting mortality
alone between successive seasons. Our results highlight the importance of coordinating management efforts
and of monitoring their impacts over the entire range of targeted populations. Otherwise, efforts to reduce
populations in one part of their range may be thwarted by regulations in other jurisdictions, as has apparently
been the case for greater snow geese over the last 10 years. Understanding the impacts of harvest timing on
population dynamics and compensation mechanisms should help to better manage harvested populations. In
co-managed harvest systems like the adaptive harvest management of North American waterfowl (Anderson et
al. 2018) or fisheries managed to maintain maximum sustainable yields (Ricouard et al. 2023), determining
seasonal mortality patterns may allow uncovering seasonal compensation mechanisms undetectable on an

annual basis and improve decision-making regarding harvest.

The implications of seasonal compensation patterns in mortality transcends the management of harvested

species. For instance, seasonal compensation phenomena can also occur in natural systems characterized by
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strong predator-prey interactions. Indeed, an increase in predation mortality in one season may be compensated
by a reduction of mortality in a later season, either through individual heterogeneity or density-dependence
(Bender and Rosas-Rosas, 2016; Boyce et al., 1999), but remain unobservable on an annual basis. Taking into
account these seasonal patterns is also essential to adequately model community dynamics (Hutchison et al.,
2020; Sauve and Barraquand, 2020). In the context of global changes and drastic declines of numerous taxa,
detecting changes in seasonal survival that may be unobservable on an annual basis due to compensation will

be increasingly critical for species conservation.

4.7 Conclusion

Whether hunting mortality is additive to other sources of mortality and directly reduces annual survival is at the
heart of the management of harvested populations. Historically, additivity and compensation between different
mortality components of a population have been investigated in terms of natural mortality compensating for
hunting mortality. Here, we present a new seasonal hunting compensation mechanism where the increase in
hunting mortality in one season may decrease hunting mortality in a subsequent season, leading to an overall
compensatory effect of an increase in harvest pressure. To our knowledge, this is the first time that
compensatory hunting mortality is found in adult geese and possibly in a long-lived vertebrate species. We
propose individual heterogeneity in hunting vulnerability as a biological mechanism through which this can occur.
However, other potential mechanisms such as amelioration due to a selection process imposed by hunting
deserves further study (Grzegorczyk et al. 2024). The rarity of long-term mortality datasets on a seasonal basis
may have prevented researchers from uncovering similar effects in other species. Indeed, obtaining robust
estimates of seasonal survival is notoriously difficult because it requires observations throughout the annual
cycle of species (Allen et al., 2019; Leyrer et al., 2013; Robinson et al., 2010). However, with the rapid
development of new bio-logging technologies that can be attached to ever smaller animals (Nathan et al., 2022),
large continuous-time datasets will soon become available. This should provide opportunities to investigate novel
mechanisms that can lead to seasonal compensation of mortalities and better assess its fundamental role in

population dynamics.
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Chapitre 5 — Environmental conditions outweigh
the effect of hunting on juvenile survival in
greater snow geese

Couple de grandes oies des neiges accompagnées de leurs jeunes a Ifle Bylot, Nunavut.

En préparation :

LeTourneux, F., Gauthier, G., Belke Brea, M., Pradel, R., Lefebvre, J., In prep. Environmental conditions
outweigh the effect of hunting on juvenile survival in greater snow geese.

97



5.1 Résumé

Chez plusieurs especes, il est crucial pour la croissance et la survie des juvéniles que les femelles synchronisent
leur reproduction avec le pic de qualité et d'abondance des ressources. Cependant, le réchauffement du climat
perturbe cette synchronie en devangant davantage la phénologie des ressources, ce qui peut induire un
décalage temporel entre le moment de I'éclosion des jeunes et le pic de disponibilité des ressources. Pour la
grande oie des neiges (Anser caerulescens atlanticus), une espéce nichant en Arctique, ces perturbations
coincident avec des changements de réglements de chasse établis pour contrdler la croissance de cette
population surabondante. En combinant 30 ans de données de capture-marquage-recapture, de suivi de
reproduction et de phénologie végétale sur les aires de reproduction, nous avons évalué les impacts relatifs
d’un décalage trophique et des changements de réglements de chasse sur la survie des juvéniles. Nos résultats
révelent un fort effet du décalage entre 'éclosion des juvéniles et le pic de qualité nutritive des plantes sur leur
survie. Etonnamment, cet effet semble compensé par la phénologie du printemps, avec une meilleure survie
des juvéniles lors des printemps hatifs. Ceci est probablement dii au fait que les années ol le décalage trophique
est important sont également caractérisées par une phénologie hative, ce qui fournit aux juvéniles une plus
longue période de croissance. En contrepartie, nous n'avons détecté aucun effet des changements de
reglements de chasse sur la survie des juvéniles, ce qui supporte I'hypothése que les facteurs
environnementaux durant le développement sont le déterminant principal des variations de la survie juvénile
pour cette espéce. Ces résultats soulignent la complexité des impacts des changements climatiques sur les
especes nichant en Arctique. En effet, bien que les changements climatiques puissent perturber la synchronie
entre I'éclosion des consommateurs et le pic de disponibilité des ressources, ils peuvent également fournir des
bénéfices comme une plus longue période de croissance, ce qui est présentement un facteur limitant en
Arctique. Conséquemment, I'impact global d'un climat changeant sur ces populations peut étre particuliérement

difficile a anticiper a cause de tels effets contradictoires.

Mots clés: Décalage trophique - Oie des neiges - Phénologie - Survie juvénile - Capture-recapture bayésien -
Développement initial - Effet de la chasse
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5.2 Abstract

Timing reproduction with the peak of food quality and abundance is critical for optimal growth and survival of
juveniles in many species. However, climate warming disrupts this phenomenon by advancing the phenology of
resources more rapidly than that of consumers, leading to a mismatch between timing of hatching of young and
peak resource availability. In Arctic-nesting greater snow geese (Anser caerulescens atlanticus), this is occurring
concurrently with changes in hunting regulations implemented to control the growth of this overabundant
population. We combined data from 30 years of capture-recapture, nest monitoring, and plant phenology derived
from satellite imagery to evaluate the relative impacts of a trophic mismatch and changes in hunting regulations
on juvenile survival of greater snow geese. We found a strong negative effect of a mismatch between individual
hatching dates and the annual peak of plant quality on survival of juvenile geese. Unexpectedly, this effect was
offset by annual phenology, with better overall survival in years with early spring phenology. This probably occurs
because years with an important trophic mismatch are also characterized by early phenology, which provides a
longer growing season for goslings. We found no effect of changes in hunting regulations on juvenile survival,
supporting the hypothesis that environmental factors during early development are the main driver of variations
in first-year survival in this species. Our results highlight complex impacts of climate change on arctic-nesting
species. Indeed, although climate change may disrupt the synchrony between hatching of consumers and peak
resource availability, it may also provide benefits such as a longer growing season, which is presently a limiting
factor in the Arctic. Therefore, the overall impact of a changing climate on these populations may be especially

challenging to anticipate due to such opposing effects.

Keywords: Trophic mismatch - Snow geese - Phenology - Juvenile survival - Bayesian capture-recapture -

Early development - Hunting impact
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5.3 Introduction

Environmental conditions during early development affect subsequent quality and fitness of individuals in most
wildlife species (Cam and Aubry, 2011; Lindstrém, 1999). Favorable conditions and access to abundant food
resources generally allow juveniles to grow faster, ultimately providing them with better survival prospects, a
larger size at maturity, and a higher reproductive output (Cam and Aubry, 2011; Hamel et al., 2009; Haywood
and Perrins, 1992; Lindén et al., 1992; Madsen and Shine, 2008; Searcy et al., 2004). In birds, breeding
phenology is also an important determinant of early development. Early hatched individuals generally do better
because they have less competition for food in their early days of life, they often have access to food of better
quality, and have a longer growth period (Brinkhof and Cavé, 1997; Sedinger et al., 1995, but see Aubry et al.,
2013). Early-hatched individuals are thus better prepared for challenging events to come like migration, molting

or the winter season (Verhulst and Nilsson, 2008).

Climate warming can affect phenology by advancing plant growth and animal reproduction schedules
(Forchhammer et al., 1998; Post and Stenseth, 1999; Stenseth et al., 2002; Thackeray et al., 2016). Migratory
birds exhibiting population declines are often those that do not adjust their migration phenology to match
resource availability driven by local weather conditions at their breeding sites, i.e. the notorious trophic mismatch
(Mgller et al., 2008; Zhemchuzhnikov et al., 2021). This occurs because the life history of many migratory species
prevents them from adjusting to phenological changes (Knudsen et al., 2011). Individuals may be penalized for
arriving too early (cold weather, low food abundance; Newton, 2007) or too late (overshooting peak food
availability; Both et al., 2009) on their breeding grounds, leading to strong stabilizing selection on timing of arrival.
Trophic mismatches can be exacerbated if local cues triggering migration departure are not synchronized with
conditions on distant breeding areas (Reséndiz-Infante and Gauthier, 2024; Tombre et al., 2008). It is thus not
surprising that long-distance migratory birds are often those most severely affected by mismatches between
their migration schedule and the phenology of food sources on breeding grounds (Both et al., 2010; Knudsen et
al., 2011; Mgller et al., 2008). Nonetheless, several recent studies have shown that the consequences of
phenological changes and associated trophic mismatches on migratory birds can be complex and variable (Arlt
and Part, 2017; Aubry et al., 2013; Nolet et al., 2020; Reed et al., 2013; Reneerkens et al., 2016; Visser and
Gienapp, 2019).

In Arctic-nesting birds, timing of breeding is critical for a successful reproduction (e.g., Lameris et al., 2022;
Sedinger and Raveling, 1986; Senner et al., 2017). The brief snow-free season only provides a short window of
suitable conditions to rear a brood and allow juveniles to grow strong enough to complete the southward
migration. To achieve this, herbivores like geese must synchronize the timing of hatching of goslings with the
peak of plant nutritive quality (Clausen and Clausen, 2013; Lameris et al., 2018; Sedinger et al., 1995). In the

Arctic, plants are most nutritious to young birds when they contain high concentrations of soluble nitrogen
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(Piedboeuf and Gauthier, 1999; Sedinger and Raveling, 1986), which often peaks early in the season and
declines steadily through the summer (Doiron et al., 2014; Lepage et al., 1998). Therefore, juveniles from parents
that successfully time egg hatching before or at the peak in resource quality benefit from a high-quality diet in
their early days of life, which should lead to a high growth rate and survival probability (Brook et al., 2015; Doiron
et al., 2015; Menu et al., 2005). In recent decades, however, the rapid warming of arctic ecosystems has
advanced tundra plant phenology (Oberbauer et al., 2013; Rantanen et al., 2022), which led to a mismatch
between timing of hatching and peak of food quality for several goose species (Brook et al., 2015; Clausen and
Clausen, 2013; Nolet et al., 2020). There is good evidence that such trophic mismatches negatively affect gosling
growth (Brook et al., 2015; Doiron et al., 2015). Mismatches are usually stronger in years with early springs
because plant phenology advances more than bird nesting phenology (Gauthier et al., 2013), but early years
are also known to be advantageous for bird reproduction (see above), including in arctic-nesting geese (Lepage
et al., 2000; Nolet et al., 2020). Consequently, the overall effect of phenological changes on goose populations
remains ambiguous due to these opposing effects and could be situation-specific (Nolet et al., 2020).

Several arctic-nesting goose populations have become overabundant during the 20" century and have
negatively affected tundra vegetation through overgrazing (Abraham et al., 2005; Jefferies et al., 2003). Bold
management actions were thus implemented across North America to stop the growth of these populations by
increasing sport hunting (Alisauskas et al., 2011; Lefebvre et al., 2017). In greater snow geese (Anser
caerulescens atlanticus), the opening of a special hunting season in 1999 in Canada during spring and in 2009
in the USA during late winter reduced adult survival as intended (Calvert and Gauthier 2005, LeTourneux et al.,
2024), but not for juveniles, at least in the first few years (Calvert and Gauthier, 2005). A possible explanation
for the lack of effect of spring hunting on juvenile survival may be that environmental factors during early growth,
and in particular a trophic mismatch, may be a more important determinant of their survival in the first year than
hunting mortality. This would not be surprising considering that, in presence of high and variable natural mortality
like in juvenile geese, hunting mortality is often compensatory to natural mortality, leading to weak or no effects
of hunting on the overall annual survival rate (Boyce et al., 1999; Lebreton, 2005; Riecke et al., 2022). However,
this hypothesis has yet to be evaluated over a sufficiently long period to account for interannual variations in

environmental conditions.

The main objective of this study is to determine the relative contribution of the trophic mismatch between peak
plant quality and hatching date of goslings and of changes in hunting regulations on first-year survival in greater
snow geese. Our long-term study (30 years) benefitted from 3 periods with different hunting regulations (before
vs. after implementation of spring/late winter hunt in Canada and USA) and large annual variations in
environmental conditions during gosling growth in the Arctic within each period. Based on the available evidence,

we expect that increased mismatch between hatch date and peak of plant quality will lead to a decrease in
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survival due to reduced gosling growth and size (Dickey et al., 2008; Doiron et al., 2015), and that this will be
the dominant factor affecting first year survival. Consequently, we expect little impact of changes in hunting

regulations on first-year survival across time periods.

5.4 Methods

5.4.1 Study species, site, and data collection

The greater snow goose is a long-distance migratory species that winters on the eastern coast of the United
States (November-March), migrates to the Canadian high Arctic to breed (June-August), and spends several
weeks in the St. Lawrence River lowlands (Québec, Canada) for staging during the fall (September-November)
and spring (March-May) migrations. Data collection took place between 1991 and 2019 on the south plain of
Bylot Island, Nunavut (73N 80W), the largest known breeding greater snow goose colony (see Gauthier et al.,
1995 for a description of the study area). Even though grazing by greater snow geese removes a significant
amount of plant standing crop every year at this colony, grazing impact has been stable over the past 30 years
with no evidence of habitat damage (Gauthier et al., 2004, 1995; Valéry et al., 2010). Moreover, the population
has been relatively stable since the late 1990s when its abundance was still below the estimated carrying

capacity of Arctic wetlands (Massé et al., 2001).

Every summer at the end of the nesting period (29 June to 21 July), observers on foot walked in the colony and
systematically marked all newly hatched goslings encountered in their nests (within 24 hours of hatching) with
uniquely numbered web-tags. A particular effort is made to mark goslings hatched early and late during the
hatching period. Towards the end of the brood rearing period when juveniles are nearing completion of their
growth and adults are still flightless due to moulting (5-20 August), goose families are captured and marked in
mass banding drives (see Menu et al., 2001 for details). Birds are walked into corral traps and both adults and
young are marked with a unique-coded leg band. A sample of adult females is also marked with neck collars.
All birds are controlled for the presence of any previous marker. A sample of juveniles caught (300-1500/year)
and all those recaptured with web-tags are measured to the nearest 0.1 millimeter (head, culmen, tarsus, 9t

primary feather) and weighed to the nearest gram.

5.4.2 Calculation of the trophic mismatch

We determined the trophic mismatch for each individual gosling as the difference between its hatching date and
the mean annual date of peak plant nutritive quality on Bylot Island. The date of peak plant quality was
determined following the approach of Doiron et al. (2013), who demonstrated that peak plant quality at our study
area was highly correlated to the date at which the NDVI (Normalized Difference Vegetation Index) reaches half

of its maximum annual value (NDVls date from now on).
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Annual NDVIs, date

The annual NDVIs, date was determined using daily NDVI data (version 5) derived from the Surface Reflectance
Climate Data Record at a resolution of approximately 6 km N x 1.5 km W at our study site (freely available from
the US National Oceanic and Atmospheric Administration, NOAA; 1990-2013: AVHRR satellite, 2014-2019:
VIIRS-land satellite; Vermote, 2018, 2022). We obtained a single daily NDVI value representative of the entire
study area (318 km?, the area over which goose banding took place on Bylot Island) using the median NDVI
value of all pixels selected (Doiron et al., 2013). Variations in solar zenith angle, cloud cover, and other variables
may affect daily NDVI values (Li et al., 2021). However, because NDVI values in spring can only increase (and
not decrease) over time during the vegetation green up, we removed from the dataset all daily values that were
inferior to the previous NDVI value until the annual maximum value is reached. We then linearly interpolated
daily values between all retained values. This ensured preserving the finest temporal resolution possible
compared to using the maximum of 10-day windows as is often done (Doiron et al., 2013; Ross et al., 2018).
We then obtained an annual NDVIs date by selecting the date on which the NDVI value was closest to half of

the annual maximum.

Calculation of individual hatching dates

Exact hatching date is only available for a small number of banded goslings (n = ~50 to 200 every year) as only
a small fraction of goslings marked with web-tags at the nest are caught again during banding (~5%).
Fortunately, the growth of primary flight feathers is relatively unsensitive to environmental conditions, making it
possible to accurately estimate the age of goslings based on the length of the 9t primary (r2 of variation in age
explained by 9t primary length is ~ 70% in our dataset (n = 2 359); see Cooch et al., 1999 and Lepage et al.,
1998 for similar applications). We thus estimated the age of all goslings measured during banding based on the
relationship between the 9% primary length and age in goslings of known age (i.e., those initially marked at
hatching). We estimated the parameters of this relationship with a mixed effects model where age of goslings in
days was the response variable and length of the 9t primary was a fixed predictor. Years were fitted as random
intercepts as it increased the predictive accuracy of the model. We then used the coefficients obtained to predict
the age of unknown age goslings but measured at banding, allowing us to back-calculate their hatching date
and obtain a measure of mismatch for these birds. We tested the performance of our model by predicting the
age of a random sample of goslings of known age (20%, 669), using the rest of the individuals (80%, 2675) for

parameter estimation. We repeated this step 200 times.
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5.4.3 Statistical analyses

Capture-mark-recapture model

We analyzed capture histories and estimated annual survival of juveniles (synonymous of first-year birds) using
a joint live-and-dead-encounter multievent capture-mark-recapture model (Burnham, 1993; Pradel, 2005). We
used a parametrization analogous to LeTourneux et al. (2022) to estimate annual survival (S), live-encounter (p)
and recovery (r) probabilities, but modified to 1) exclude collared birds and 2) model the probability of permanent
emigration from the breeding colony, which is thought to be high for juveniles. Juveniles that survive to their first
year can transition to one of three adult states (highly capturable, weakly capturable and permanently emigrated:;
see appendix S5.1 for details). From those states, they can be later encountered alive or dead, which informs
on their first-year survival probability. We included birds marked as adults in the analysis to maximize the number
of individuals in the adult states and obtain better parameter estimates.

We included in our model the probability that, conditional on survival, a juvenile emigrates permanently to
another colony between years t and t+1 (transition from state Alive Juvenile to Alive Adult Emigrated, see
appendix S5.1). Adult birds can also emigrate, for instance when a male’s mate dies, as he will follow his new
mate to her breeding location (Lecomte et al., 2009). Consequently, we also included a permanent emigration
probability for adult birds, which differed from that of juveniles. To limit the number of parameters to estimate,
we assumed that all birds that emigrate do so permanently and have no probability of returning to breed on
Bylot. We included an effect of sex on emigration probability to test whether females could have higher fidelity
to their breeding colony than males (Lecomte et al., 2009). Live encounter probability for permanently emigrated
hirds was set to 0 as only birds breeding on Bylot Island can be recaptured.

Because there is heterogeneity in live encounter probabilities among our marked sample, we accounted for this
by having two distinct states, highly capturable and weakly capturable individuals (see details in Appendices
S3.1 and S3.3). We included a sex effect on heterogeneity in capturability as found for this population in a
previous analysis (LeTourneux et al., 2022, 2024). The high interannual variability of arctic environments affects
the probability to recapture an individual and we accounted for this by including a random year effect on this
parameter. Juveniles automatically transition to adults upon surviving their first year of life and thus only the

latter group can be recaptured.

The dead encounter probability is the recovery probability (Seber’s r) and is defined as the probability that a bird
that died between years t and t+1 died from hunting, was recovered by the hunter, and had its band reported.
All birds can be recovered, even those that have permanently emigrated from the breeding area, as the entire

population is present on the staging and wintering grounds where hunting takes place. We included a random
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year effect in interaction with age (adult vs. juvenile) on recovery probabilities as the probability that a juvenile

dies from causes other than hunting is suspected to be higher than in adults.

Effects of mismatch and hunting on survival probabilities

To quantify the effect of a trophic mismatch on juvenile survival, we included the mismatch between each
individual’s hatching date and the annual peak of plant quality as a fixed effect on survival. To save memory and
calculation time, we discretized the mismatch value into 11 bins of 3 to 5 days of mismatch. To compute a linear
effect of the mismatch on survival, we used the mean mismatch value in each bin as the value of the covariate
to be used into the linear predictor of our model (see Table 5.1). To account for any additional effect of annual
spring phenology on juvenile survival (i.e., beyond the mismatch itself calculated at the individual level), we also
included the annual NDVIs, date as a fixed effect in the model. Although the individual mismatch and annual
spring phenology variables are correlated, there is always a range of mismatch values for every phenology value

as the former is included on an individual basis while the latter is on an annual basis (see discussion).

To evaluate whether changes in hunting regulations affected juvenile survival, we introduced as a fixed effect a
3-level categorical variable grouping years when different hunting regulations were in place: 1990-1998 (before
changes in hunting regulations), 1999-2008 (special spring hunting season in Canada only), 2009-2018 (special
hunting season in spring in Canada and late winter in the USA). This effect was put in interaction with age as
the impact of regulation changes on survival probability is expected to differ between adults and juveniles
(Calvert and Gauthier, 2005). Finally, we also included a random year effect on survival probability, which

differed between adults and juveniles.

Modelling framework

Model parameters were estimated in a Bayesian framework using the nimb e package and the specialized
distributions for capture-recapture modelling from the nimbleEcology package in R (R Core Team, 2020).
We used vague priors for all parameters and we ran 3 chains for 85 000 iterations with a burnin of 9000 iterations.
We thinned 2/3r% of samples to reduce memory use. Because there is uncertainty around the predicted age for
goslings of unknown age, we ran the age-prediction model and the survival model in a single joint analysis,
where the predicted ages and resulting mismatches were fed to the survival model at each iteration. The full
model definition and matrices are described in Appendix S5.1. This allowed to fully capture the uncertainty
around gosling age when computing the effect of the mismatch on survival probability. Detailed model code is
publicly available on GitHub and data to reproduce the analyses will be made available upon submission of the

manuscript.

105


https://github.com/LeTourneuxF/LeTourneux_et_al_2025_in_prep

Table 5.1 Reclassification of mismatch values into 11 bins to model the effect of trophic mismatch on survival of
juvenile greater snow geese. The Value in model column shows the mismatch value used as the mismatch
covariate in the model for individuals classified in each bin. This was done to estimate a continuous mismatch
effect. Bins 3 to 9 represent observed mismatch values from birds of known age. Bins 1, 2, 10 and 11 were
added to allow predicted ages to yield mismatch values beyond those observed.

Actual mismatch Bin Value in model

(days)
<-6 1 -1.4
-5t0 -2 2 -3.5
-ltol 3 0.0
2t05 4 3.5
6t09 5 7.5
10to 13 6 11.5
1410 18 7 16.0
1910 23 8 21.0
2410 28 9 26.0
29t0 33 10 31.0
234 11 34.0

5.5 Results

Between 1991 and 2018 we marked 55 621 goslings in 17 998 nests with web-tags (284 to 2978 per year), from
which 2 359 were eventually recaptured during banding drives (17 to 261 per year). Over the same period, we
marked and measured an additional 26 968 goslings of unknown age and 30 133 adults during the banding

drives.

5.5.1 Age estimation

Our model for estimating gosling age based on 9t primary length performed well. There was no bias in the
predicted age of goslings when estimating it on a sample of known age birds with our model (mean difference
-0.007 d; maximum mean difference among 200 simulations: -0.32 d). The maximum individual difference
between real and estimated ages was 11 days, but 95% of gosling ages were predicted within 3 days of their
true age, showing that ages were also estimated with high precision. In comparison, hatching dates on Bylot

typically span a 20-day period each year.

5.5.2 Encounter probabilities

The sex of adults affected the live encounter probabilities within each capturability group but not the proportion
of individuals belonging to each group. Females were on average 1.5 times more likely to be encountered than
males, and birds belonging to the highly capturable group were on average 4.5 times more likely to be
encountered than those in the lowly capturable group (Figs. S5.1, S5.3A). Live encounter probabilities were

quite variable between years (Fig S5.1). Finally, recovery probabilities differed between juveniles and adults,

106



with juvenile recovery probability being on average 2.7 times lower and 2 times more temporally variable than
that of adults (Fig S5.2).

5.5.3 Emigration probabilities

The probability of emigrating from the breeding colony was also affected by sex and age (Fig. S5.3B). Adult
females virtually never emigrated from the colony while the permanent emigration probability was around 0.13
[95% CI: 0.11-0.15] for adult males. This number fits remarkably well with the survival rate of adults (Fig. 5.1),
providing support to the idea that males whose partners die follow their new partner to other breeding locations
after pairing on the wintering grounds. Emigration probabilities of juveniles surviving the first year were
particularly high for males (0.78 [0.70, 0.85]) and low for females (0.06 [0.0, 0.15]; Fig. S5.3B), also supporting
the idea of high female-biased natal philopatry.

Figure 5.1 Annual survival probability estimated for adult ( ) and juvenile (blue) greater snow geese
marked on Bylot Island between 1991 and 2018. Error bars are 95% credible intervals.
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5.5.4 Survival rates and mismatch effect

Annual survival of adult geese was high and was reduced by changes in hunting regulations in 1999, but was
not reduced further after 2009 as reported in earlier studies (B19gs-2008 vs 1990-1908 = -0.44 [-0.62, -0.25], B200s-2019 vs
1090-1008 = -0.44 [-0.61, -0.26]; Fig. 5.1; LeTourneux et al., 2022, 2024). Annual variability, however, was relatively
low compared to what was observed in those earlier studies (SE of annual values = 0.03 in this study vs. 0.08 in
LeTourneux et al., 2022). In contrast, juvenile survival was much lower than adults and highly variable through
time (SE of annual values = 0.11). However, juvenile survival was not affected by changes in hunting regulations
as predicted (Biggs-2008 vs 1990-1998 = 0.38 [-0.24, 0.97], P2oos-2019 vs 1990-1998 = -0.24 [-0.84, 0.37]; Fig 5.1).

We found a strong inverse relationship between juvenile survival and the intensity of the mismatch between
individual hatching date and the date of peak plant quality (Bmismach = -0.99 [-1.14, -0.84]; Fig. 5.2A). However,
juvenile survival was also strongly affected by annual spring phenology as it decreased in years when spring
phenology was late (Bghenology = -0.82 [-1.13, -0.54]; Fig. 5.2B). In both cases, the estimated mean annual survival
of juveniles did not align very well with the predicted relationships. However, when we predicted annual survival
while holding the date of peak plant quality constant, mean annual survival estimates aligned much better with
the annual mismatch relationship (Fig. 5.2C), whereas the reverse was true when holding the mismatch constant
for the relationship with date of peak plant quality (Fig. 5.2D). The reason for these discrepancies is that these
two effects somewhat compensate each other, at least at the population level, because the mismatch is generally

smaller in years with late plant phenology, and larger in early years (Fig. 5.3).

5.6 Discussion

Our analysis of 30 years of capture-mark-recapture data supports the hypothesis that juvenile survival in greater
snow geese is affected by environmental conditions during early development and did not respond to changes
in hunting regulations. As expected, juvenile survival at the individual level was strongly negatively affected by
the mismatch between hatching date and our index of peak plant quality. Unexpectedly however, this effect was
substantially offset by the annual timing of spring phenology due to a strong negative effect of late phenology

on juvenile survival.

5.6.1 Impact of environmental conditions during early development

The strong effect of the mismatch between hatching date and an index of spring phenology on juvenile survival
that we observed corroborates other findings in similar systems (Brook et al., 2015; Lameris et al., 2018; Ross
etal., 2018). In greater snow geese, previous studies have shown how gosling growth and size towards the end
of brood rearing is negatively affected by this trophic mismatch (Dickey et al., 2008; Doiron et al., 2015). Because

size at fledging is undoubtedly a strong determinant of the ability of goslings to leave the Arctic and survive the
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3000-km migration to the fall staging grounds (Lepage et al., 2000, Cooch 2002), it is not surprising to find a

strong negative effect of the mismatch on individual gosling survival.
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Figure 5.2 Relationship between annual survival of juvenile greater snow geese and the mismatch between
hatching date and date of peak plant quality (A and C), or the annual date of peak plant quality (day of the year),
an index of spring phenology (B and D). The black lines represent mean model predictions with their 95%
credible interval (shaded area) over the range of observed mismatch or spring phenology values with all other
covariates held constant. A positive mismatch indicates that goslings hatch after the peak in plant quality. Dots
represent mean annual survival estimates along with their 95% credible intervals (error bars) plotted against the
mean annual value of the environmental covariate in that year. In (A) and (B), mean annual survival predictions
are obtained with all covariates included in the model whereas in (C) and (D), the predictions are obtained by
holding the date of peak plant quality and the mismatch constant, respectively.
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Figure 5.3 Relationship between annual survival of juvenile greater snow geese and mismatch between hatching
date and date of peak plant quality, and spring phenology (date of peak plant quality; day of the year)
simultaneously. The surface represents the model prediction for annual survival based on the mismatch and
spring phenology covariates only. Red dots are annual survival estimates and black dots are predictions from
the model for the corresponding values of annual mismatch and spring phenology (i.e. black dots are located on
the 3D surface). Black lines link survival estimates (red) to model predictions (black).

Interestingly, the effect of the mismatch at an individual level was largely offset by a negative effect of late spring
phenology, thereby explaining why mean annual survival was poorly related to mean annual mismatch. In a
recent review, Nolet et al. (2020) showed that climate-induced phenological changes have opposing effects on
different components of goose reproduction. Earlier springs are associated to higher female body condition,
larger clutch size and higher nesting success, and thus have a positive effect on the pre-nesting and nesting

phases of reproduction (Dickey et al., 2008; Madsen et al., 2007; Ross et al., 2017). On the other hand, because
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goose nesting phenology is not as responsive to spring conditions as is plant phenology (Fig S5.4), earlier
springs are associated with a stronger trophic mismatch, leading to reduced growth and ultimately survival of
juvenile geese (Brook et al., 2015; Lameris et al., 2018; Ross et al., 2018). However, we found that spring
phenology also has a direct but opposite effect at the gosling stage. This can be explained by several
mechanisms. The most likely explanation is that in years with an early spring, hatching occurs earlier overall
even if geese do not adjust completely to the advance in peak plant quality, which induces the mismatch (Fig
S5.4). In those years, goslings have more time to grow before departure for migration and the additional days of
growth can partially offset (by up to 70%, LeTourneux and Gauthier, unpublished data) the reduced growth rate
induced by the lower quality of plants they encounter due to the mismatch. Another potential factor is that plants
produce more overall biomass in early and warm years (Doiron et al., 2014; Gauthier et al., 2013), which could
partly compensate for their lower quality. Although greater snow geese have not reached the carrying capacity
of the Bylot Island ecosystem (Massé et al., 2001), the gregarious behavior of geese during brood rearing can
lead to local depletion of food resources (e.g., Brook et al., 2015). This local depletion may be reduced in years
with early spring phenology due to the increased plant biomass.

Our results highlight that examining the impact of a trophic mismatch can be more complex than anticipated and
even misleading when examined alone. This is in line with conclusions from several reviews of the consequences
of mismatched reproduction for migratory populations (Knudsen et al., 2011; Visser and Gienapp, 2019). The
current analysis provides evidence that although mismatches can have important consequences on the fitness
of individuals (Visser and Gienapp, 2019), other environmental factors linked to a warmer climate and earlier
springs may provide benefits that offset this impact, with weak overall consequences on population growth (e.g.,
Reed et al., 2013; Dunn and Mgller, 2014). Inadequate adjustment of long-distance migrants to spring phenology
is often attributed to life history constraints or to the fact that a faster warming in the Arctic than in temperate
zones (Rantanen et al., 2022) does not allow staging birds to properly predict environmental conditions on distant
breeding grounds (Bauer et al., 2008; Lametris et al., 2018; Reséndiz-Infante and Gauthier, 2024). While this
may be true, it is also possible that the fitness consequences of a mismatch offset by opposing environmental
factors may not be strong enough to drive important phenological adjustments to migration, especially in geese
that gain from arriving on the breeding grounds in good body condition (Béty et al., 2003). Although phenological
mismatches are likely to increase further with climate warming, our results suggest caution when trying to use
our current understanding of these processes to predict future impacts. In the present case, the mismatch could
be largely compensated for by other environmental factors and thus we are unsure of the extent to which juvenile

survival would decrease in the face of an increased mismatch in the future.
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5.6.2 Population dynamics and the canalization hypothesis

The high and relatively stable adult survival of greater snow geese over the past 30 years supports the idea that
adult survival is a highly canalized trait in geese (Souchay, 2013). The only factor that significantly reduced adult
survival was the opening of a spring huntin Canada in 1999 (LeTourneux et al., 2022, 2024). Canalization theory
predicts that mechanisms have evolved to reduce the variability of species traits that have the highest potential
to affect population growth rates (Gaillard and Yoccoz, 2003; Wagner et al., 1997). In long-lived species like
geese, those mechanisms should reduce the vulnerability of adults to varying environmental conditions, thereby
reducing annual variability in adult survival (e.g. Gaillard et al., 2000; Gaillard and Yoccoz, 2003; Pfister, 1998).
In contrast to the low variability in adult survival documented here (see also Gauthier et al., 2001; LeTourneux
etal., 2022, 2024), annual reproductive effort and in particular breeding propensity is known to be highly variable
in this species (Béty et al., 2003; van Oudenhove et al., 2014; Grandmont et al., 2023). The modulation of
reproductive effort in response to environmental factors (Legagneux et al., 2012; Reed et al., 2004) may be a
mechanism that contributes to reduce the vulnerability of adults to natural mortality factors.

In contrast to adults, juvenile survival was highly variable and strongly affected by environmental conditions.
This can explain why we detected no change in juvenile survival coinciding with changes in hunting regulations
contrary to adults. Lack of response of juvenile survival to increased hunting pressure has also been reported in
other goose populations (Traylor et al., 2012). Although compensation of hunting mortality by a reduction in
natural mortality could be a mechanism explaining this result, we believe that alternative mechanisms are more
likely considering that a high proportion of juvenile mortality occurs during the fall migration from the Arctic,
before any significant hunting has occurred (Menu et al., 2005). Recovery probability of juveniles was
consistently lower than that of adults, which also indicates that a lower proportion of mortality is due to hunting
in juveniles compared to adults. Indeed, the probability that a bird died from hunting is the only process included
in the recovery probability that could differ between juveniles and adults as there is no reason to believe that the
probability that a shot bird is found by the hunter or that bands are reported should differ between age classes.
Still, an interaction between environmental conditions during the summer and hunting mortality in the subsequent
seasons remains possible. Juveniles that survive the fall migration despite being exposed to a strong trophic
mismatch may be in poor condition and thus more vulnerable to hunting than those that benefited from more
favorable conditions during early development (Fowler et al., 2019). Under this hypothesis, variation in juvenile
mortality, both due to hunting and natural factors, would be mostly driven by environmental conditions rather
than by hunting pressure, which would explain why we detected no effect of changes in hunting regulations on

juvenile survival.
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5.6.3 Study limitations

A potential limitation of our dataset is that there is a limited number of combinations of annual phenology and
mismatch values. Because years with early spring phenology generate important mismatches and vice-versa,
there is no year with, for instance, a late spring phenology and large mismatch values. This means that observed
combinations of mean annual mismatch and spring phenology occupy a limited range of the parameter space,
as they are mostly located along the back-to-front diagonal of Figure 5.3, which results in limited variation in
observed annual survival rate in relation to our two environmental covariates. This situation makes it difficult to
differentiate between the opposing effects of the mismatch and phenology, and particularly to determine if one
effect is more important than the other. Fortunately, because the mismatch variable is calculated at an individual
level, there is a large range of individual mismatch values for every date of peak plant quality and likewise, a
mismatch value can occur in a relatively wide range of dates of peak plant quality (Fig S5.5). Consequently, this
still allows the model to partition between the effect of these two variables.

A second limitation of our analysis is that some model parameters are unstable, as evidenced by the trace plots
of the analysis of both the real and simulated datasets (Appendices S5.4 and S5.5). For instance, MCMC chains
are not mixing well for the probability that an individual female belongs to either the highly or weakly capturable
groups of individuals, or the effect of sex on recapture probability (Fig. S5.10 L, T, V and X). Fortunately, the
parameters of interest (average annual survival estimates, mismatch effect and emigration probabilities) seem
unaffected by this instability as evidenced by the comparison between simulated and estimated survival values
and mismatch effect on juvenile survival. This behavior can be expected in complex models where some
parameters are estimated with no a-priori information, like whether an individual belongs to a highly capturable
or weakly capturable group. Nonetheless, the similarity of the results obtained with the simulated dataset for the
mismatch effect and annual survival values (see Appendix S5.4) indicates that our conclusions are not biased
by this instability.

5.7 Conclusion

With the projected increasing pace of climate change (IPCC, 2023), trophic mismatches in consumer-resource
interactions are expected to become more prevalent and could result in growing adverse effects for populations.
However, our results along with several recent studies suggest caution when drawing conclusions and projecting
future impacts of a trophic mismatch on its own (Nolet et al., 2020; Visser and Gienapp, 2019). Indeed, even
though juvenile survival of greater snow geese was strongly affected by a mismatch between individual hatching
date and annual peak of plant quality, this effect was offset by the timing of spring phenology, with earlier
phenology acting positively on juvenile survival despite generating a stronger mismatch. We attribute this

unexpected result to a longer growth period for juveniles in years with earlier spring phenology, although this
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remains to be directly tested. In contrast, our results showed no impact of changes in hunting regulations on
juvenile survival despite a clear effect of these measures on adult survival (LeTourneux et al., 2024).
Consequently, environmental conditions during brood rearing and not anthropogenic factors like hunting are the
main drivers of juvenile survival in this species. Finally, our results highlight the complexity of climate change
effects on populations of Arctic-nesting birds. Synchrony between hatching of consumers and peak resource
quality is crucial when the window of environmental conditions favorable to reproduction is short, but potentially

less so if constraints imposed by the harsh Arctic environment are relaxed.
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Conclusion

Il est essentiel de parvenir a gérer convenablement les populations d'oie des neiges car cette espéce est
importante socialement et écologiqguement (Bélanger et al., 2007; Gauthier et al., 2004). On veut préserver son
réle dans les écosystémes qu’elle occupe mais également éviter les graves impacts qui peuvent découler de sa
surabondance (e.g., Srivastava and Jefferies, 1996; Jefferies et al., 2003; Flemming et al., 2019). Presque
chassée jusqu’a I'extinction au début du XXe siécle et maintenant surabondante surtout grace a son utilisation
des riches terres agricoles, cette espéce est manifestement sensible aux perturbations humaines (Gauthier et
al., 2005; Lefebvre et al., 2017; White and Lewis, 1937). Cela souligne toutefois qu'il devrait étre possible
d’entreprendre des actions pour gérer cette espéce, notamment en modulant les réglementations de chasse.
La chasse semble I'outil de prédilection pour gérer des populations comme celle de la grande oie des neiges a
cause du faible codt lié aux interventions (libéralisations ou restrictions des réglements de chasse) et du succés
que cet outil a vraisemblablement eu pour controler cette population durant 25 ans. Cependant, on avait jusqu'ici
une compréhension assez limitée des mécanismes proximaux par lesquels la chasse agit sur la dynamique de
cette population, ce que mes fravaux ont en partie permis d'élucider. Dans son ensemble, ma these révele que
limpact des mesures de gestion par la chasse sur la dynamique de la population de la grande oie des neiges
est di a la combinaison d'un effet direct mais variable selon les saisons sur le taux de survie des adultes et d’'un

effet indirect sur les déterminants de la reproduction par le biais de la condition physique prénuptiale.

Effets directs et indirects de la chasse sur les paramétres
démographiques

Effet direct : impact sur la survie

Sans surprise, mes travaux confirment I'hypothése que la chasse a un effet direct sur le taux de survie des oies
adultes (Chapitres 3 et 4). En effet, 'instauration des saisons de chasse spéciales au printemps en 1999 et a
I'hiver en 2009 ont causé une diminution absolue de la survie saisonniére des oies de 4% au printemps et 2%
a I'hiver, respectivement, une baisse non-négligeable pour une espéce longévive (Chapitre 4). Cela appuie les
conclusions de Calvert et Gauthier (2005) dans les premiéres années apres la mise en place des mesures au
printemps, et I'idée que la mortalité & la chasse est largement additive & la mortalité naturelle chez les oies
adultes (Gauthier et al., 2001). Néanmoains, ces résultats sont a I'opposé de ceux des études sur I'impact de
mesures similaires sur la population continentale de la petite oie des neiges (e.g., Koons et al., 2019). Cela peut
s’expliquer principalement par deux différences importantes entre ces populations. Premiérement, la taille de la
population de la petite oie des neiges était beaucoup plus importante au moment de la libéralisation des
reglements de chasse (~ 12 000 000, Alisauskas et al., 2022, vs. ~1 000 000 pour la grande oie des neiges,

Lefebvre et al., 2017). Le taux de récolte a la chasse pour cette population n’a donc jamais été assez important
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pour avoir un impact sur son taux de croissance (taux de récolte <3% depuis 20 ans, Koons et al., 2019, vs.
10~15% pour la grande oie des neiges, Chapitre 3). Deuxiémement, la répartition géographique de la petite oie
des neiges en dehors de I'Arctique est beaucoup plus étendue que celle de la grande oie des neiges qui est
principalement confinée & une bande d’'une centaine de kilométres sur la cte Atlantique durant hiver et aux
basses terres du St-Laurent durant les migrations automnale et printaniére (Sliwinski et al., 2023). Durant toute
la période non-reproductrice, les oies sont confinées a un territoire relativement restreint ou la densité des
populations humaines et la pression de chasse sont élevées. La grande oie des neiges a donc peu d'options
pour échapper a la forte pression de chasse, contrairement a sa consceur plus a I'ouest. Le succes des mesures
de gestion pour la grande oie des neiges comparé a la petite est donc probablement dii au moment de la mise
en place des mesures par rapport a la taille de la population et d’'une absence relative de sites alternatifs ou les
oies peuvent échapper aux chasseurs. Tel que les travaux de Calvert et Gauthier (2005) ont laissé présager, je
n'ai trouvé aucun impact des libéralisations des réglementations de chasse sur la survie des ciseaux juvéniles.
Cela n'est pas surprenant compte tenu que la survie juvénile est relativement faible et trés variable entre les
années (Chapitre 5). Mes résultats appuient plutét l'idée que les conditions environnementales durant I'élevage

des jeunes sont le déterminant principal de la survie juvénile.

Effet indirect : impacts sur la condition pré nuptiale

Mes résultats montrent que I'impact de la chasse au printemps va au-dela d’une simple réduction du taux de
survie. En effet, lintensité de la chasse a un impact direct sur la condition physique des oies avant la migration
vers les aires de reproduction (Chapitres 1 et 2). La chasse printaniére peut donc affecter l'investissement
reproducteur, car celui-ci est en partie déterminé par la condition des oies a leur départ pour I'Arctique (Béty et
al., 2003; Gauthier et al., 2003; Mainguy et al., 2002). Les décomptes d'oiseaux juvéniles sur la halte migratoire
a l'automne appuient cette hypothése. En effet, la proportion de juvéniles dans la volée d’automne dépasse
rarement la barre des 30% depuis l'instauration de la chasse printaniére, alors que c'était régulierement le cas
avant cela (Fig. 3 de Lefebvre et al., 2017). Une analyse préliminaire suggére bien un lien entre la condition
physique, qui dépend en partie de l'intensité de la chasse au printemps, et la proportion de jeunes présents
dans la volée d'automne (LeTourneux et Gauthier, données non-publiées), ce qui mérite d'étre creusé

davantage.

Mes résultats montrent également que I'effet du dérangement par la chasse au printemps sur la condition
prénuptiale des oies est toujours présent, méme apres 20 ans d’exposition & cette mesure. Les oies étaient en
excellente condition trés t6t a la fin du printemps en 2020, alors que la pression de chasse était grandement
réduite suite au confinement lié a la pandémie de COVID-19, contrairement aux années qui ont précédé et suivi
(Chapitres 1 et 2). Cela appuie les résultats de Féret et al. (2003) et de Béchet et al. (2004), lors des premiéres

années de ces mesures et indique que les oies n'ont pas vraiment réussi a s'adapter a cette contrainte depuis.
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De tels effets du dérangement durant I'engraissement prénuptial ont aussi été observés chez d'autres espéces
(e.g., Madsen, 1995). Cet effet est probablement en partie médié par une augmentation du temps de vol car la
présence de chasseurs dans les champs et le dérangement occasionné par les évenements de chasse force
les oies a parcourir de plus grandes distances pour trouver des sites d'alimentation. L'énergie dépensée pour
ces plus longs vols s’additionne donc a une réduction du temps disponible pour I'alimentation (Bélanger and
Bédard, 1990).

On peut donc conclure que I'impact des mesures de gestion par la chasse sur la dynamique de population de
la grande oie des neiges est di avant tout a une combinaison d’effets sur les déterminants de la reproduction

(condition physique printaniere) et sur la survie des adultes.

Apprentissage et habituation a la chasse

Bien que les oies n'aient pas réussi a pallier totalement aux effets négatifs de la chasse au printemps sur leur
condition physique, on dispose tout de méme d’indices suggérant un apprentissage et une certaine habituation
des oies a la chasse. D’abord, les communautés de chasseurs sont unanimes : I'oie des neiges est beaucoup
plus difficile & chasser aujourd’hui quil y a 20 ans (Johnson et al., 2012, LeTourneux and Gauthier,
communications personnelles). Méme si les techniques de chasse pour attirer ces oiseaux dans les champs se
sont continuellement raffinées depuis les 20 derniéres années, les oies continuent de déjouer les chasseurs,
suggérant un apprentissage continu des nouvelles techniques. Mes travaux appuient cette hypothése. Par
exemple, les résultats de mes chapitres 1 et 2 sur l'utilisation des champs agricoles par les oies suggérent
qu'elles utilisent cet habitat a haut risque (la chasse est permise uniquement dans cet habitat au printemps)
pour s’engraisser, mais qu'elles I'évitent lorsqu’elles sont en bonne condition physique. On peut donc penser
qu’elles reconnaissent le potentiel accru de mortalité associé a cet habitat mais qu’elles continuent malgré tout
de l'utiliser pour maximiser leur engraissement en prévision de la migration jusqu'en Arctique et de la
reproduction a venir. Les travaux de Fowler (2019) montrent que les oies récoltées au printemps a l'aide
d’'appelants dans les champs sont généralement en moins bonne condition physique que la population générale,

ce qui appuie également cette hypothése.

La compensation dans la mortalité a la chasse entre I'hiver et le printemps suggére la présence a la fois
d'individus tres vulnérables a la chasse et d'autres qui le sont moins (Chapitre 4). Il est probable qu'une faible
vulnérabilité soit au moins en partie liée & la capacité de certains individus a reconnaitre les signes de la
présence de chasseurs et a éviter ces endroits. Béchet et al. (2003) ont montré que dés l'instauration de la
chasse de printemps, la probabilité que les oies se déplacent vers des régions ou elles ont subi peu ou pas de
pression de chasse était plus élevée que l'inverse, indiquant qu'elles ont la capacité d’adapter rapidement leur

comportement face a une nouvelle contrainte. Les travaux de Lemoine (2003) fournissent des indications
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similaires, en montrant que le succes de certaines techniques de chasse a rapidement diminué suivant
linstauration de la chasse de printemps, un effet qu'ils attribuent a un apprentissage des oies qui seraient
devenues plus farouches a I'approche de chasseurs dans les champs. On peut donc imaginer qu'une sélection
se soit opérée sur une période de 20 ans, favorisant les individus qui apprennent rapidement & reconnaitre les
indices de la présence de chasseurs. La présence de jeunes plus naifs et moins expérimentés (Calvert et al.,
2005) accompagnant un couple pourrait également fournir un mécanisme qui contribue au maintien d’une

vulnérabilité différentielle des individus a la chasse a travers le temps au sein de la population (Chapitre 4).

La survie adulte est le paramétre avec le plus fort potentiel d'affecter le taux de croissance chez les oies
(Gauthier and Brault, 1998; Gauthier and Lebreton, 2004). Conséquemment, ce parametre devrait
théoriqguement étre fortement canalisé (Gaillard and Yoccoz, 2003; Souchay, 2013). La capacité des oies a
apprendre les signes associés a un risque accru pour leur survie (champs, présence d’appelants, efc.) et a
adapter leur comportement en conséquence pourrait donc constituer un mécanisme permettant la canalisation

de la survie des adultes, réduisant ainsi I'impact de la chasse sur le taux de survie des adultes.

La chasse: un outil de gestion puissant et flexible, mais avec ses
limites

On peut dire que l'instauration des mesures de gestion par la chasse a été un succés incontestable pour la
grande oie des neiges: la population s'est instantanément stabilisée suivant I'implantation des mesures
(Lefebvre et al., 2017), et cela a été surtout causé par une diminution du taux de survie adulte, tel qu'espéré
initialement (Gauthier and Brault, 1998; Giroux et al., 1998). En comparaison avec la petite oie des neiges, on
ne recense pas d'impacts négatifs séveres de la grande oie des neiges sur la végétation de ses aires de
reproduction ou de sa halte migratoire (Gauthier et al., 2006; Valéry et al., 2010), ce qui était I'objectif initial de
linstauration des mesures spéciales pour cette population (Giroux et al., 1998). De plus, la taille de la population
s’est maintenue au méme niveau depuis 20 ans, bien que légérement au-dela de I'objectif de population de
500 000 - 750 000 individus (Fig. 0.1). Mes travaux suggerent également que les effets des reglements de
chasse spéciaux sur les parametres démographiques sont facilement réversibles, c'est-a-dire qu'ils ne perdurent
pas dans le temps advenant un retrait des mesures. Par exemple, lors de deux printemps avec une pression de
chasse réduite (2019, 2020), on a observé une amélioration immédiate de la condition physique des oies, avec
un effet encore plus marqué lors de I'année avec la plus faible pression de chasse (2020, Chapitres 1 et 2).
Evidemment, 'impact direct de la chasse sur la mortalité des oies ne devrait pas perdurer non plus dans le
temps lorsque la chasse cesse, a condition que celle-ci ne soit pas compensée par une réduction de la mortalité
naturelle. Aucune de ces mesures ne semble donc induire d'effets persistants a long terme malgré qu'elles

soient demeurées assez efficaces durant plus de 20 ans. Ces résultats encourageants combinés aux ressources
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relativement limitées qui sont requises pour 'implantation de telles mesures font donc de la chasse sportive un

puissant outil de gestion.

Cela dit, malgré I'atteinte des objectifs initiaux dans le cas de la grande oie des neiges et des avantages de la
chasse comme outil de gestion, ce n'est pas une panacée qui peut étre appliqué a toutes les situations.
Visiblement, le succeés de cet outil dépend des conditions dans lesquelles il est mis en place, I'échec des mémes
mesures pour la petite oie des neiges en étant un exemple flagrant (Koons et al., 2019). Méme dans le cas de
la grande oie des neiges, on dispose maintenant d’éléments suggérant qu’on a probablement atteint les limites
de cet outil. Par exemple, on observe des indices d’un apprentissage et d’'une habituation des oies a la chasse
(voir plus haut), et la compensation observée dans la mortalité a la chasse entre I'hiver et le printemps suggére
qu'il'y aurait probablement peu d’impact d’une libéralisation supplémentaire des réglements de chasse, tel qu'on
I'a observé avec I'ajout des mesures aux Etats-Unis en 2009. De plus, le succés de la chasse sportive dépend
entiérement de la participation des chasseurs, dont plusieurs semblent perdre de plus en plus d'intérét au fur et
a mesure que les oiseaux s'adaptent aux nouvelles techniques de chasse (Calvert et al., 2007; Johnson et al.,
2012).

En dernier lieu, mes travaux démontrent qu'au moins un autre facteur que la chasse a probablement contribué
a maintenir un faible taux de croissance pour cette population, du moins dans les années récentes. En effet, les
résultats de mon cinquieéme chapitre révélent un impact des conditions estivales en Arctique sur le taux de survie
des oiseaux juvéniles de premiere année. Méme si I'effet négatif du décalage trophique semble étre compensé
dans une certaine mesure par d’autres facteurs environnementaux, I'effet n'est pas complétement compensé,
et le fort décalage des années récentes (~2014~2018), lui, coincide avec une survie juvénile annuelle moyenne
particulierement faible (Fig. 5.1). Ces années de fort décalage semblent étre de plus en plus fréquentes (Fig.
S5.4), ce qui pourrait mener a une diminution du taux de croissance de la population si le recrutement des

juvéniles demeure faible durant plusieurs années consécutives.

Importance de la saisonnalité

Dans la plupart des populations animales, les évenements qui se produisent a différents moments du cycle
annuel peuvent affecter différemment la dynamique d’une population. Il faut donc bien comprendre comment
ces évenements affectent les paramétres d'intérét pour pouvoir gérer ces populations, que ce soit pour
conserver une espece ou pour controler sa croissance. Certains évenements peuvent méme affecter différents
paramétres selon la saison ou ils se produisent, comme c'est le cas pour la chasse chez la grande oie des
neiges. Cette activité affecte a la fois la survie et la reproduction, mais I'ampleur des effets sur chacun des traits
démographiques differe selon la saison ou elle est pratiquée. Au printemps, la chasse peut affecter

linvestissement reproducteur par le biais d’'une réduction de la condition physique prénuptiale des femelles
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(Béty et al., 2003; Mainguy et al., 2002). La chasse affecte également la survie a toutes les saisons, mais cet
effet est fort a 'automne, modéré a I'hiver, et faible au printemps, du moins dans les 10 derniéres années. On
montre également que l'effet de la chasse sur la survie printaniére s'est estompé aprés limplantation des
mesures a 'hiver aux Etats-Unis. Actuellement, la chasse au printemps affecte donc probablement la dynamique
de la population davantage par le biais d'un effet sur la fécondité que sur la survie. Méme si la fécondité a une
moins grande élasticité que la survie adulte, si les variations dans la fécondité sont trés fortes, il est possible
que ce soit présentement le paramétre avec la contribution la plus importante aux variations annuelles dans la
taille de la population (e.g., Gauthier and Brault, 1998; Gaillard et al., 2000).

Ces résultats démontrent l'importance de considérer les phénoménes saisonniers lorsqu'on tente de
comprendre la dynamique d'une population. Dans une optique de gestion et de conservation, il estimportant de
bien cerner les paramétres démographiques affectés par les mesures de gestion mises en place car les
paramétres touchés peuvent varier en fonction du moment de I'application des mesures dans le cycle annuel

d'une espéce.

Limitations

Durant ma thése jai bénéficié d’imposants jeux de données qui s'étendent sur plusieurs décennies et
comportent de I'information sur plusieurs dizaines de milliers d’individus. Cela m’a permis d’estimer de nombreux
parametres avec une grande précision et de répondre a certaines questions demeurées jusqu'ici peu explorées,
comme l'impact de la chasse sur la survie des oies a I'échelle saisonniére. Toutefois, c’est un avantage a double
tranchant : lorsqu’on dispose d’autant d’information, on essaie de tirer davantage de réponses de nos jeux de

données, et on atteint alors certaines limites que je dois exposer ici.

Les modéles de CMR ou I'on utilise plusieurs types de données peuvent rapidement devenir complexes et
nécessiter I'estimation d’'un grand nombre de paramétres. Par exemple, I'utilisation d’observations d'individus
vivants marqués avec des bagues ou des colliers combinées avec les reprises de bagues a la chasse nécessite
I'estimation d'une probabilité de détection distincte pour chaque type d'information. Si ces probabilités de
détection varient dans le temps et dépendent de facteurs comme le sexe ou I'dge des individus, on perd
rapidement le contrble sur le nombre de paramétres d'un modéle, particulierement dans le cas d'études qui
s'étendent sur une longue période et estiment les paramétres sur une base saisonniére. Il est donc primordial
de bien réfléchir a 'avance aux contraintes qu'on peut utiliser pour réduire le nombre de paramétres a estimer
tout en conservant un modele utile et réaliste, tel que le recommandent Burnham et Anderson (2002). De par le
nombre élevé de paramétres analogues (e.g. diverses probabilités de détection) requis pour I'estimation des
paramétres d'intérét (e.g. survie, probabilités de transition entre états, etc.), les modeles de CMR peuvent étre

relativement instables. Pour cette raison, il faut faire attention de ne pas surinterpréter les variations associées
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a chaque estimation annuelle. Les estimations moyennes sur de longues périodes sont cependant beaucoup
plus robustes. Par exemple, dans le cas de la compensation révélée par les analyses du Chapitre 4, on est
conforté dans notre interprétation de la relation de compensation entre les estimations saisonnieres
interannuelles de I'hiver et du printemps par I'estimation de la survie moyenne sur chaque période qui montre

également un effet compensatoire reflétant exactement ce qu’on observe au niveau interannuel.

Un autre aspect limitant de I'ampleur de mon jeu de données est le temps de calcul requis pour estimer les
parametres de modeles relativement complexes (Chapitres 3, 4 et 5). Pour mon 4¢ chapitre par exemple, des
contraintes de temps et de mémoire nous ont empéché d’explorer des modéles avec une plus grande complexité
pour estimer de maniére plus précise la compensation entre les mortalités a I'hiver et au printemps. L'utilisation
d’outils bayésiens aurait permis de tenir compte directement de la corrélation d’échantillonnage entre les survies
estimées a I'hiver et au printemps, et d’écarter tout biais potentiel dans la relation de compensation entre ces
mortalités (e.g., Koons et al., 2014). Malheureusement, le temps de calcul requis pour I'utilisation de tels outils
(e.g., MCMC) était prohibitif pour ce modéle. Néanmoins, méme si on doit interpréter avec prudence le
coefficient de la relation entre ces mortalités, nous avons tout de méme pris des mesures pour tenir compte de
lincertitude associée aux estimations de mortalité lors de I'estimation du degré de compensation, ce qui nous
permet d'avancer avec assez de certitude la présence d’une relation compensatoire entre les mortalités a ces

deux saisons.

Dans le troisieme chapitre sur I'effet des colliers sur la survie, une importante limite est que le partitionnement
de la mortalité a la chasse et de la mortalité naturelle est basé uniquement sur le taux de récolte des individus.
Cela peut induire certains biais par exemple di au fait que cette valeur ne tienne pas compte des oiseaux
blessés par des chasseurs et morts par la suite mais qui ne sont jamais récupérés (le fameux ‘crippling loss’).
Si on assume que la proportion d'oiseaux blessés est relativement stable entre les années, cela nous permet
tout de méme de statuer avec confiance sur les variations relatives de chaque type de mortalité entre les
périodes. Cependant, méme si cette prémisse semble raisonnable, il faut faire attention a I'interprétation de ces
résultats. Comme on l'indique dans le quatriéme chapitre, on trouve que l'effet du collier sur la survie est
fortement concentré a 'hiver et non a toutes les saisons ol on retrouve de la chasse. Dans ce chapitre, nous
avons donc accordé plus d'importance a I'hypothése que les chasseurs visent préférentiellement les oiseaux a
colliers et contribuent ainsi significativement a I'impact du collier sur la survie de ces oiseaux. Je dois donc
admettre que plusieurs mécanismes contribuent probablement a I'impact des colliers sur la survie des oiseaux
et que les données disponibles ne nous permettent pas de départager avec certitude la contribution relative de
chacun d’entre eux a 'effet global. Par contre, I'objectif initial de ce chapitre était de quantifier un impact potentiel
des colliers sur la survie des femelles, ce que nous avons réussi a faire, nous permettant ensuite d'inclure cet

effet dans les analyses sur I'impact de la chasse sur une base saisonniére.
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Finalement, une limite générale de ma thése est que la plupart de mes analyses sur l'impact de la chasse sur
les oies adultes ignorent des effets potentiellement confondants de facteurs annuels comme la phénologie ou
les conditions météo ainsi que des facteurs dépendant de la densité. Par exemple, dans mes deux premiers
chapitres, si I'effort de chasse a chaque printemps était lié aux conditions météo, on pourrait attribuer des
changements dans la condition des femelles & la chasse alors que cela pourrait étre dii en réalité & une variation
des conditions environnementales ayant affecté la récolte des oies. Cette limite est également vraie pour les
Chapitres 3 et 4, bien que les biais potentiels soient assez faibles a mon avis. En effet, comme la survie adulte
est un paramétre fortement canalisé (Souchay, 2013), les adultes devraient étre relativement insensibles aux
changements dans les conditions climatiques d'une année a I'autre (Gaillard and Yoccoz, 2003; Pfister, 1998).
Les femelles devraient donc plut6t réduire leur investissement reproducteur, voire sauter un événement de
reproduction pour conserver I'énergie disponible et maximiser leur probabilité de survie (Béty et al., 2003;
Grandmont et al., 2023; Souchay et al., 2014). Dans cette optique, I'impact des conditions environnementales
sur la survie adulte devraient étre relativement faible. De plus, les changements temporels dans la survie
annuelle et saisonniére des oies coincident remarquablement bien avec les changements des réglements de
chasse, ce qui renforce I'idée que ces changements soient dus a la chasse (Chapitre 4). Finalement, comme la
taille de population s’est maintenue au méme niveau depuis plusieurs années sans tendance a long-terme (Fig.
0.1) et que la végétation sur les aires de reproduction, d’hivernage et de la halte migratoire ne montrent pas de
signes de dommages (Calvert et al., 2007; Gauthier et al., 2004; Massé et al., 2001; Valéry et al., 2010), on peut

également exclure que des effets liés aux facteurs dépendant de la densité aient pu biaiser nos résultats.

Perspectives

Dans toute grande entreprise scientifique, de nouvelles questions émergent au fur et @ mesure qu'on répond a
nos objectifs initiaux, et ma thése ne fait pas exception a cette régle. Comme on dispose de plus de 20 années
de données depuis l'instauration des mesures de gestion, mes travaux ont permis de faire une synthése assez
compléte des impacts a long-terme de la chasse sur les paramétres démographiques de la grande oie des

neiges.

On sait maintenant que la combinaison des impacts de la chasse sur la reproduction et sur la mortalité a
probablement contribué au succes continu de la gestion de la population de grandes oies des neiges par la
chasse. Bien que ma thése ait permis d’identifier les mécanismes proximaux par lesquels la chasse agit sur la
dynamique de population, nous ne savons toujours pas l'ampleur de la contribution de chacun.
Conséquemment, une autre étape importante pour compléter les travaux de ma thése serait de modéliser la
contribution relative des effets de la chasse (directs et indirects) et des conditions environnementales (e.g.

décalage trophique) aux variations interannuelles dans la taille de la population et a son taux de croissance
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depuis 30 ans. De plus, il serait intéressant de déterminer si cela a changé avec le temps, considérant la
compensation qui s'opére entre les mortalités a la chasse a I'hiver et au printemps depuis 10 ans. Gauthier et
Reed (2007) ont déja évalué cela, mais leur estimation de I'effet de la chasse sur la reproduction était assez
rudimentaire : ils ont comparé la différence entre la proportion de juvéniles a lautomne avant et aprés
limplantation de la chasse de printemps et attribué cette différence a un effet de la chasse sur la reproduction.
Cependant, mes travaux sur limpact du décalage trophique en été sur la survie des juvéniles soulignent que
plusieurs autres parametres peuvent affecter la productivité des oies, comme les conditions environnementales

durant la croissance des jeunes. Il serait donc pertinent de revisiter cette question avec une nouvelle analyse.

Il serait aussi intéressant de pousser cette analyse encore plus loin. En combinant les résultats de cette thése
a d'autres travaux récents, on dispose maintenant de données exhaustives sur la valeur des parametres qui
régissent la dynamique de cette population, ainsi qu'une bonne compréhension des variables qui les affectent
(Reséndiz-Infante, 2020; Souchay, 2013; van Oudenhove et al., 2014). Nous sommes donc en bonne position
pour déterminer la contribution relative des différents paramétres démographiques au taux de croissance de la
population. Récemment, des méthodes ont été développées expressément pour aborder ces questions
lorsqu'on a de bonnes estimations des variations temporelles des paramétres régissant la dynamique d’une
population, comme c’est maintenant le cas pour la grande oie des neiges (‘transient Life Table Response
Experiments’, Koons et al., 2016). L'application de cette méthode a notre population permettrait de comprendre
les parametres qui ont eu la plus forte contribution a la dynamique de la population d’'une année a I'autre depuis

30 ans.

La propension a se reproduire une année donnée, un important déterminant de la productivité annuelle des oies,
demeure néanmoins un parametre difficile a estimer tant chez les oies que pour la plupart des espéeces aviaires
(Etterson et al., 2011). Il y a eu des tentatives d’estimer ce paramétre par le passé pour plusieurs espéces d'oies
(Reed et al., 2004; Sedinger et al., 2001; Souchay et al., 2014). Cependant, comme plusieurs de ces études se
basent sur des individus portant des colliers, qui affectent justement la propension a nicher (Reed et al., 2005),
ces estimations sont difficilement généralisables aux individus non-marqués et a la population générale. La
miniaturisation des technologies GPS offre cependant des avenues prometteuses pour permettre de déterminer
si un individu tente de se reproduire sans induire de biais. Lorsque des appareils suffisamment petits pour étre
posés sur une bague seront disponibles, I'obtention de cette derniére piece permettra d’avoir un portrait complet

de la démographie de cette espece.

Dans mes travaux, je montre que les conditions environnementales estivales peuvent avoir un effet important
sur la survie des juvéniles la premiére année (Chapitre 5). Les mécanismes exacts qui entrainent la mortalité et

les moments de I'année ou celle-ci a lieu demeurent toutefois inconnus. Menu et al. (2005) suggerent que cela
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se produit en grande partie durant la migration d’automne, du moment de I'envol de I'Arctique a l'arrivée sur la
halte migratoire du sud du Québec. Une partie de cette mortalité est probablement due & I'abandon par leurs
parents des jeunes trop faibles pour quitter I'aire de reproduction avant la saison hivernale. Une autre partie se
produit certainement en route vers le Québec lorsque les jeunes trop faibles sont eux aussi laissés derriere.
Cependant, il n'est pas exclu qu’une partie de la mortalité due a la chasse pourrait étre liée a la condition des
jeunes. On dispose d'indices que les oiseaux en moins bonne condition sont plus vulnérables a la chasse
(Chapitre 3; Fowler et al., 2019), et cela devrait également s’appliquer aux juvéniles. Conséquemment, il serait
possible que les années ou davantage de juvéniles sont récoltés soient également celles ol les jeunes sont en
moins bonne condition physique a cause de conditions environnementales peu favorable durant leur
développement. Il serait donc pertinent d’estimer la survie des juvéniles sur une base saisonniére pour bien
isoler les mécanismes proximaux par lesquels les conditions environnementales estivales affectent cette
population. Finalement, les conditions hivernales pourraient également avoir un impact sur la survie des
juvéniles, puisque ceux-ci sont plus fragiles que les adultes. Cela pourrait étre une variable qui explique les

variations interannuelles dans la survie juvénile, ce que je n'ai pas réussi a identifier durant ma thése.

Finalement, mon parcours souligne I'importance de remettre en question ses propres travaux ainsi que la
littérature publiée. Les études précédentes n'ayant pas trouvé d’effet des colliers sur la survie de la grande oie
des neiges, nous n‘avons revisité I'impact des colliers que tardivement et de fagon fortuite. En fait, dans mes
premiéres analyses, cet effet se manifestait plutdt par une différence de survie entre les sexes mais ce n'est
que plus tard que nous avons réalisé que cet effet était engendré par la présence de colliers chez les femelles
seulement. Une remise en question plus rapide de la littérature publiée au préalable m’aurait permis d’avancer

plus rapidement au début de ma thése.

Recommandations

Considérant la stabilité relative de la population depuis 20 ans et sa taille actuelle, je recommanderais que les
mesures actuelles de contrdle continuent d'étre appliquées, car on a plusieurs indications qu’elles ont largement
contribué a l'atteinte des objectifs de gestion initiaux. Cependant, au moment d’écrire ces lignes, la derniére
estimation de la taille de la population de la grande oie des neiges (printemps 2023) recense 585 000 oiseaux,
le nombre le plus faible depuis presque 30 ans (J. Lefebvre, communication personnelle). Il est donc primordial
de maintenir un suivi serré de cette population et de ses paramétres démographiques. Ce faible nombre pourrait
étre la conséquence de la faible reproduction des années récentes (données non-publiées), ou encore de la
survie médiocre des juvéniles depuis quelques années (Chapitre 5). Dans tous les cas, il sera nécessaire de

reconsidérer I'étendue des mesures en place
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actuellement si la population continue de diminuer dans les prochaines années. Finalement, dans I'éventualité
d'une reprise de la croissance de la population de grandes oies des neiges ou d’autres populations
surabondantes comme la petite oie des neiges, il sera intéressant de considérer des mesures qui pourraient
affecter prioritairement d’autres parametres démographiques comme le recrutement ou la reproduction. En effet,
a la lumiére des résultats de ma thése, il est peu probable qu’une libéralisation supplémentaire des réglements

de chasse affecte davantage la dynamique de cette population via un effet direct sur la survie.
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Annexe S1.1 — Dates of data acquisition

Figure S1.1 Period for which body condition data were available between 1979 and 2020. Each dot represents
a day when geese were captured (i.e. one cannon-netting event). The line shows the time period between the
first and the last goose captures every year.
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Annexe S1.2 — Selected model to adjust mass for the effect of date

Figure S1.2 Body mass adjusted for skeletal size in relation with day of year in greater snow geese weighed
between 1979 and 2020. Points represent individual body masses corrected for skeletal size. The line represents
the prediction of the best polynomial regression of mass on day of year.

154



Annexe S1.3 — Weather data

Figure S1.3 Spring weather data from three meteorological stations located in the staging area used by greater
snow geese in southern Québec for 2010-2020. Years 2019 and 2020 are highlighted in green and orange,
respectively. Horizontal dotted lines represent the 10-year mean. A: Annual variation in snowmelt date for three
cities located along the staging area used by geese between 2010 and 2020. B: Annual variation in mean
monthly temperatures of three cities located along the staging area used by geese for March, April and May.
Source: https://climate.weather.gc.ca/historical _data/search _historic_data_e.html
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Annexe S1.4 — Hunting pressure metrics

Figure S1.4 Effect of hunting pressure on goose spring body condition using number of active spring hunters.
A: Annual numbers of active greater snow goose hunters in spring from 1999 to 2020. Error bars represent 95%
confidence intervals. Colored bars represent years for which data on body condition is available. B: Spring body
condition of geese at the end of the staging period in relation to annual number of active hunters in spring.
Values at 0 active hunters (white violin) correspond to years without a spring Conservation Harvest (before
1999). The black line represents the mean model predictions based on individual data points with its 95% ClI
(shaded; regression slope [95%Cl]: -0.05 g/active hunter [-0.07, -0.03], n = 3460). Black dots and error bars are
the mean body mass with its 95% CI for each number of active hunter level and color shading represents the
density distribution of individual data points. Source of hunting statistics: Smith and Gendron 2020.
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Figure S1.5 Effect of hunting pressure on goose spring body condition using number of spring hunting days. A:
Annual numbers of greater snow goose hunting days in spring from 1999 to 2020. Error bars represent 95%
confidence intervals. Colored bars represent years for which data on body condition is available. B: Spring body
condition of geese at the end of the staging period in relation to annual number of spring hunting days. Values
at 0 hunting days (white violin) correspond to years without a spring Conservation Harvest (before 1999). The
black line represents the mean model predictions based on individual data points with its 95% CI (shaded:;
regression slope [95%Cl]: -0.010[-0.014, -0.007] g/hunting day, n = 3460). Black dots and error bars are the
mean body mass with its 95% CI for each number of hunting days level and color shading represents the density
distribution of individual data points. Source of hunting statistics: Smith and Gendron 2020.
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Annexe S1.5 — Analysis of habitat use for all GPS-marked birds

When all GPS-marked geese were used (n = 15), the relative use of agricultural fields by geese was 0.52 [0.59,
0.44]in 2019 compared to 0.22 [0.37, 0.12] during the COVID lockdown in 2020 (Fig. S1.6).

Figure S1.6 Average daily proportion of locations recorded in fields by GPS-marked geese in 2019 (n=10) and
2020 (n=5) near the end of the staging period. Error bars are 95% CI and colored shading represents the density
distribution of data points.
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Annexe S1.6 — Abdominal profile scores

S1.6.1 Methods for abdominal profile scores

In 2020, we estimated body condition of geese by scoring the shape of their abdominal profile from a distance.
As geese fatten up, their abdomen bulges and this can be detected with a spotting scope at a distance. Although
much coarser than body mass, abdominal profiles are non-invasive and easy to obtain which allow for larger
sample size over longer sampling period. This technique was calibrated by Féret et al. (2005) for snow geese
and provide a rough, but reliable index of body condition. Three observers regularly visited sites used by staging
geese in southern Québec and used 20x-60x spotting scope to classify goose abdominal profiles in 11 categories
based on the protocol developed by Féret et al. (2005). The three observers calibrated their scoring of abdominal
profiles against each other to ensure consistency in data collection. Abdominal profile scores increased markedly
in 2020 between mid-April and mid-May confirming that geese arrived in Québec in low body condition and
fattened on the staging ground during the COVID19 lockdown period.

Figure S1.7 Abdominal profile scores of greater snow geese in relation with day of year during spring staging in
southern Québec in 2020. Profile score increased exponentially with days (Poisson regression; day-effect
estimate [95%CIl] = 1.012 [1.010, 1.014]) going from an average score of 2 in early April to an average
score of 3.5 in early May.
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Annexe S2.1 — Supplementary figures

Figure S2.1 Dates when goose body condition data are available each year between 2007 and 2022. Points
represent days when goose captures occurred at lle-aux-Oies, Québec, Canada. The line represents the period
covered by goose captures every year.
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Annexe S2.2 — Calculation of hunting effect on average annual body
condition

To determine the overall effect of hunting pressure on average annual body condition of greater snow geese at
the population level (i.e., excluding individual variation), we used a normal linear regression between average
annual spring body condition estimates (see main text) and harvest estimates, our proxy of hunting pressure
(Fig. S2.2). We accounted for uncertainty in average annual body condition and harvest estimates using a
bootstrap approach. We generated 10,000 datasets of average annual body condition and spring harvest by
sampling values from normal distributions defined by each annual body condition and harvest estimate and their
standard errors. Mean and standard error for body condition were obtained through the analysis of our data (see
main text), while mean harvest estimates and their standard errors were obtained from Smith and Gendron
(2022). We ran a linear regression between annual average condition and spring harvest values derived from
each simulated dataset and we calculated the mean slope and its 95% confidence interval from the distribution
of the 10,000 slope estimates obtained. We used the same procedure to obtain a coefficient of determination
(R?) value along with its 95% C.1I. that accounted for uncertainty in the condition and harvest estimates. We
visually assessed the linear model assumption of normality of residuals.

Figure S2.2 Relationship between average annual body condition of greater snow geese captured at the end of
staging and yearly harvest by hunters between 1979 and 2022. Points are the average yearly condition estimates
with their 95% C.1. The line represents the mean bootstrapped slope estimated from 10,000 simulations. The
gray shading represents the central 95% of the bootstrapped relationships. Slope: -0.008 [-0.010, -0.006], R =
0.68 [0.51, 0,83]. See above text for details on calculation of the slope value, coefficient of determination (R?)
and their respective 95% C.I. Values at 0 on the X axis correspond to years without spring hunting, before 1999.
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Annexe S3.1 — Multievent model definition

In multi-event capture-mark-recapture models, observations are decoupled from biological processes through
events describing the different types of encounters (Pradel, 2005). In our model, there are 4 possible types of
encounters that can occur at a given occasion. ‘1’, a ringed (non-collared) individual can be physically captured:;
‘2', a collared individual can be physically captured or sighted; ‘3’ a marked bird can have its ring reported by a
hunter; and ‘0’, when individuals are not encountered at a given occasion. These events make up the encounter
histories and the ‘hidden’ biological states of individuals are inferred based on these observations. We
considered 7 and 9 states in our two analyses, respectively, as described below.

S3.1.1 Overall survival analysis

Seven states were considered in this analysis. ‘ARH'’: alive with ring only and highly observable; ‘ARW': alive
with ring only and weakly observable; ‘ACH’ alive with collar and ring, and highly observable; ‘ACW'’: alive with
collar and ring, and weakly observable; ‘NDR’: newly dead with ring only; ‘NDC’: newly dead with collar and ring;
‘D’: dead. The distinction made between ‘ARH (or ACH)' and ‘ARW (or ACW)' is necessary to take into account
heterogeneity in live-encounter probability (see Appendix S3.2 for details). A distinction is also made between
individuals dead in the current interval from those dead earlier because the latter are no longer available to be
recovered (Gauthier and Lebreton, 2008). In transition matrices, the rows are departure states and the columns
represent the arrival states. There are two biological processes of interest for this model, and they are separated
into two transition matrices. The first step describes collar loss, which allows accounting for heterogeneity in
reporting rate due to collar loss (Juillet et al., 2011). This step involves the probability that an individual loses
their collar (C) between year i and year i+1.

ARH ARW ACH ACW NDR NDC D

ARW | O 1 0 0 0 0 0

ci— ACH| C 0 1-C 0 0 0 0
ACW | O Cc 0 1-C 0 0 0

NDR| 0 0 0 0 1 0 0

NDC| 0 0 0 0 0 1 0

D Lo 0 0 0 0 0 1

In this step, an individual wearing a collar can lose it and become a non-collared individual. Upon loss of their
collars, individuals remain highly or weakly observable depending on their initial state.

The second step is the transition matrix describing survival:

ARH ARW  ACH ACW  NDR NDC D
ARH TS 0 0 0 1-S 0 0 7
ARW |0 S 0 0 1-§ 0 0

gi— ACH|0 0 s’ 0 0 1-S 0
ACW [0 0 0 s’ 0 1-S 0
NDR |0 0 0 0 0 0 1
NDC |0 0 0 0 0 0 1

D lo 0 0 0 0 0 1

Here we note that the survival probability is independent of whether an individual is highly- or weakly-observable.
However, a distinct survival probability is estimated for collared (S’) and non-collared birds (S). Also, individuals
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dying during the previous interval (‘newly dead’; NDR or NDC) transition into the absorbing ‘dead’ state (D),
becoming unavailable for further encounter.

Finally, the event matrix (E) links the underlying states (rows) to the observations (columns). A bird can be
physically recaptured (1) with probabilities p in state ‘Alive with ring only and highly observable (ARH)’ or p* in
state ‘Alive with ring only and weakly observable (ARW)'. Similarly, a collared bird can be physically recaptured
or re-sighted during the breeding season (2) with probabilities p’ in state ‘Alive with collar and ring, and highly
observable (ACH) or p™* in state ‘Alive with collar and ring, and weakly observable (ACW)'. Finally, a bird can
be recovered with probability r in the state ‘newly dead with ring only (NDR)' or 1’ in the state ‘newly dead with
collar and ring (NDC)'.

0 1 2 3
ARH r 1—-p P 0 01

ARW| 1-p° p* 0 O

pi. ACH[1-p" 0 p 0
ACW | 1—-p* 0 p* 0

NDR| 1—-+ 0 0 r

NDC| 1-9 0 0o 7

D 1 0 0 o0

S3.1.2 Partitioning of mortality between hunting and natural sources

In the second analysis, we separated our ‘newly dead’ states into ‘newly dead from hunting’ (NDHR - rings only,
and NDHC - collars) and ‘newly dead from natural causes’ (NDNR and NDNC). This required adding a third
step in the transition matrices. The first step was again to estimate collar loss (C). In the second step, we estimate
the hunting mortality probability and finally, the third step describes the non-hunting mortality process, which
represents mortality from sources other than hunting.

With the addition of the two new states, the collar loss transition matrix is now as follows.

ARH ARW ACH ACW NDNR NDNC NDHR NDHC D
i 0

ARH
ARW
ACH

ACW
NDNR

NDNC
NDHR

NDHC

o)
-

cocoococo | ocooo
SN

Ci

[cNoNoNoNoNolo Wl Y
oo ococoonNORRO
oo ocococo | oo
OO OO mOOOO
OO O mOOOOO
=N Vo NoNoNoNoNoNo
===l eNoNoloNo)

SO R OOOOoOO0o

The second step now represents the hunting mortality process, with a different probability for birds with rings
only (h) and those with a collar (h’):
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ARH ARW ACH ACW NDNR NDNC NDHR NDHC D

ARH [1—h 0 0 0 0 0 h 0 0

ARW | 0O 1-h 0 0 0 0 h 0 0

ACH | 0 0 1—h 0 0 0 0 R 0

ymi= ACW | 0 0 0 1-h' 0 0 0 R 0
NDNR| 0 0 0 0 1 0 0 0 0

NDNC| 0 0 0 0 0 1 0 0 0

NDHR| 0 0 0 0 0 0 0 0 1

NDHC| 0 0 0 0 0 0 0 0 1

D 0 0 0 0 0 0 0 0 1

Finally, the third transition step describes the process for mortality from sources other than hunting, again with
a different probability for birds with rings only (n) and those with a collar (n’):

ARH ARW ACH ACW NDNR NDNC NDHR NDHC D
ARW | 0 1
ACH
ACW
NDNR

NDNC
NDHR

NDHC
D

n

~
~

[y

coococoo |l oo
b~

~

NM! =

O O mmOOoOOoOOo

cococol coo
cocoococoococos
cococos33 oo
ocomOoOOoCOCOO
Omocooococoo

cococococoooco
cocoocococo o |

2

Here, individuals that have survived to hunters have a probability n (or n’) of dying from sources other than
hunting.

Finally, the event matrix linking the observations to the states for this model is:

0 1 2 3

ARH 1——p* p* 0 0

ARW 1 i 14 0 0

ACH | 1-p’ 0 p 0

. ACW 1 _p*l O p*l 0
El =

NDNR 1 0 0 0

NDNC 1 0 0 0

NDHR| 1_y» 0 0 r

NDHC| 1—-4 o 0

D 1 0 0 O

Here, we note that birds that die from non-hunting causes can never be observed because we have no
information about individuals that died except for hunter-shot birds whose rings were recovered.
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Annexe S3.2 — Harvest rate estimation

Greater snow geese are hunted during the regular hunting season in eastern Canada in fall and in the USA in
winter. The number of geese harvested annually during these regular seasons is estimated through a standard
hunter survey conducted in both countries. In Canada, it is estimated with the Harvest Questionnaire Survey
and the Species Composition Survey conducted by the Canadian Wildlife Service, and in the USA with the
Migratory Bird Harvest Information Program conducted by the US Fish and Wildlife Service (Lefebvre et al.,
2017). We used the total number of snow geese harvested in eastern Ontario and Quebec for Canada and in
the Atlantic Flyway states for the USA. A special hunter survey was implemented by the Canadian Wildlife
Service starting in 1999 to estimate the number of snow geese harvested during the spring hunting season (the
Conservation Harvest) in Quebec. Similarly, the Atlantic Flyway Committee implemented a special hunter survey
starting in 2009 to estimate the number of snow geese harvested during the Conservation Order in the USA.
The estimated number of geese harvested during these special hunting seasons were added to those harvested
during the regular hunting season in order to estimate the total annual harvest.

The population size estimate used in the calculation of the harvest rate came from the aerial spring survey of
the greater snow goose population conducted annually in Quebec. The survey is conducted when the whole
population is concentrated along the St. Lawrence River staging area in Quebec. The whole staging area is
overflown on a single day and all flocks encountered are photographed. Geese are subsequently counted on
these photos, which yields a highly accurate survey (see details in Béchet et al., 2004). To estimate the adult
fall population size, we multiplied the spring population estimate by 0.96, the estimated survival rate during
summer (Gauthier et al., 2001). Fall population size, which excluded young of the year produced during the
summer, was used as the denominator in our calculation of annual harvest rate.
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Annexe S3.3 — Goodness-of-fit tests

S3.3.1 Goodness-of-fit test results

In our goodness-of-fit (GOF) tests, we found that both test 3G (mostly associated with survival or transience
effects) and test M (mostly associated with a trap dependence effect) were highly significant (Table S3.1). A
detailed analysis of the contingency tables associated to the test M revealed that, on average, individuals missed
(i.e. not captured) at a given occasion were generally less re-encountered alive at subsequent occasions than
individuals that were captured on that occasion. This suggests heterogeneity in live-encounter probability in our
dataset (i.e. some individuals are more capturable or observable than others), something that can be explained
by our marking scheme. Since females exhibit fidelity to nesting and brood-rearing sites (Lecomte et al., 2008),
individuals that regularly nest or rear their young in the core of the area covered by our ringing activity should
be more likely to be observed and recaptured than those on the edge of this area.

Test 3G was also highly significant but Jeyam et al. (2018) have shown that the presence of heterogeneity in
live-encounter probabilities can lead to a significant Test 3 even in the absence of heterogeneity in survival or
transience effects. To verify this hypothesis, we simulated ten 30-year capture-recapture datasets with
heterogeneity in live-encounter probability. We simulated two unbalanced groups with a different live-encounter
probability but with the same probabilities of survival (0.85) and recovery (0.3). We simulated 1000 individuals
marked annually with 80 % of individuals exhibiting a low live-encounter probability (0.25) and the remaining
20% a high live-encounter probability (0.5). GOF for these datasets were subsequently conducted in U-CARE
(Choquet et al., 2009). Similarly to our original data, we found that the Test 3G was significant for all simulated
datasets despite an absence of survival or transience effect in the simulated datasets. We conclude that the
transient effect detected by test 3G in our original data is likely an artifact of the heterogeneity in live-encounter
probabilities among birds.

$3.3.2 Accounting for heterogeneity in live-encounter probability

To account for heterogeneity in live-encounter probability, we split the state ‘Alive with ring only’ of Juillet et al.
(2011) into ‘Alive with ring only and highly encounterable’ and ‘Alive with ring only and weakly encounterable’
(states ARH and ARW in Appendix S3.1). The same was done for bird marked with collars, which were split into
states ACH and ACW (Appendix S3.1). This allowed us to estimate a different live-encounter probability for birds
belonging to each group. Although we have no a-priori information on which group, highly or weakly
encounterable, a bird belongs to when it is originally captured, the multievent framework used in this study is a
natural tool to analyze such a dataset. This framework was developed by Pradel (2005) precisely for assigning
individuals to groups when this information is unknown at the time of encounter (i.e., uncertainty in state
assignment).

S3.3.3 ¢ calculation

Our overall variance inflation factor (¢) can be calculated by dividing the overall % statistic from our GOF tests
by the degrees of freedom associated to this test (¢ = 2087.37/1299 = 1.607, Table S3.1). However, this value
needed to be adjusted for the added complexity of our model structure (i.e., introduction of highly and weakly
observable states), which captured overdispersion linked to heterogeneity in live-encounter probabilities. To do
so, we conducted a Likelihood Ratio Test (LRT) between two versions of our most general model, one including
heterogeneity in live-encounter probabilities (model M1 in Table 3.1) and the other without. The LRT between
models with and without heterogeneity is simply the difference in their deviance. It follows an approximated chi-
square distribution with the difference in number of parameters between models as its degrees of freedom. A
GOF test for the heterogeneity model can then be obtained by discounting the LRT statistic from the GOF of the
model without heterogeneity. Its number of degrees of freedom is similarly obtained by subtracting the number
of degrees of freedom of the LRT from that of the original GOF test. The calculation of our adjusted ¢ was thus:
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a

x%, — (DEV, — DEV,)

Cadj =

Where: y? o is the overall y* test statistic from the GOF test of the most general model without heterogeneity,

DEV, is the deviance of the most general model without heterogeneity,

DEYVy is the deviance of the most general model with heterogeneity,

df, is the degrees of freedom of the > from the GOF test of the model without heterogeneity,

dfo — (npg — nPo)

npy is the number of parameters of the most general model with heterogeneity and,

np, is the number of parameters of the most general model without heterogeneity.

The statistics of two models used for this calculation (deviance and np) are presented in Table S3.2. This yielded
an adjusted ¢ of 1.256 (1556.08/1239), which was used for our modelling.

Table S3.1 Multi-state goodness-of-fit test and variance inflation factors calculated for our dataset of adult female
greater snow geese marked from 1990 to 2018 on Bylot Island. Test 3G examines homogeneity in survival
between newly marked and previously marked individuals while test M verifies homogeneity of re-encounter
between captured and missed individuals on each occasion. For each test component, chi-squared test statistic
(x?), degrees of freedom (df) and p-values (p) are provided. Overall ¢ is the overall variance inflation factor and
Adjusted ¢ is the variance inflation factor adjusted for inclusion of heterogeneity in live-encounter probabilities

(see text).

Test component X df p
Test 3G.Sr 142.82 56 <0.001
Test 3G.Sm 623.91 435 <0.001
Test M.ITEC 529.05 788 <0.001
Test M.LTEC 772.87 592 <0.001
Overall test 2087.37 1299 <0.001
Overall é 1.607

Adjusted é 1.256
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Table S3.2 Results of the general model with and without heterogeneity in live-encounter probabilities. Both
models have the same structure for collar loss, survival, live-encounter and dead recovery probabilities than
model M1 (Table 3.1) except for heterogeneity on live-encounters.

Model NP Deviance

With heterogeneity in live-encounter probabilities (M1) 237 118119.73

Without heterogeneity in live-encounter probabilities 177 118651.02
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Annexe S3.4 — Encounter probabilities

Figure S3.1 Point estimates of encounter probabilities (physical recaptures) of non-collared adult female
greater snow geese marked between 1990 and 2016 and encountered from 1991 to 2017 on Bylot Island,
Nunavut. Error bars are 95% C.|. Estimates were obtained from model M14 (Table 3.1).
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Figure S3.2 Point estimates of encounter probabilities (physical recaptures and resighting) of adult female
greater snow geese marked with collars between 1990 and 2016 and encountered from 1991 to 2017 on Bylot
Island, Nunavut. Error bars are 95% C.I. Estimates were obtained from model M14 (Table 3.1).

173



Figure S3.3 Point estimates of hunting recovery probabilities of adult female greater snow geese marked
between 1990 and 2016 on Bylot Island, Nunavut and recovered from 1990 to 2017. Error bars are 95% C.I.
Estimates were obtained from model M14 (Table 3.1).
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Annexe S3.5 — E-SURGE syntax for model M14 (Table 3.1)

Initial settings — Data
Number of occasions: 30
Number of states: 7
Number of events: 4
Number of groups: 1
Number of age classes: 4

Initial settings — Options
Link function = Generalized Logit
Overdispersion coefficient = 1.256

Model matrices — Gepat file

%%%% VERSION 2.0 %%%%%%

3

%%%% Initial state %%%%%%
1

16 IS

pPpp*--
%%%% Transition %%%%%%

* x|

*

%%%% Event  %%%%%%

I OTOTh
I T T 1 1
1 |

|
1
I T T I

ok % X X X X NP
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Model Definition — GEMACO
Initial state (3 parameters)
to

Transition
- STEP 1 (collar loss) (3 parameters)
a(l1,2:3,4)

- STEP 2 (Survival) (31 parameters)
t+t(9:18,19:27).F(3 4)

Event (93 parameters)
firste+tnexte.[f(1 2).[Ff(2Q)+t]+F(3 4).[f(4)+t]+F(5 6).t+
(6)-1t(2:9,10:19,20:30)]

IVEV (Initial Values and Fixed Values)
Fixed values: Event
Beta #38 = 1
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Annexe S3.6 — Complete model selection tables

Table S3.3 Complete set of models tested for the analysis of collar loss, survival, and live- and dead-encounter
probabilities in adult female greater snow geese marked between 1990 and 2018. For each model, deviance,
number of estimated parameters (NP) and difference in QAIC (AQAIC) with the most parsimonious model (M13)
are provided. Models already present in Table 3.1 are identified by their names in column ‘Name’.

# Name
1 M1
2
3 M2
4
5
6 M3
7 M4
8 M5
9
10 M6
11
12 M7
13 M8
14 M9
15 M10
16 M1l
17
18 M12
19
20 M13
21
22
23
24
25
26
27
28
29
30
31
32 Mi4
33 M15

Collar loss

Q Q Q Q Q Q Q

i

d1,2:4

d1,2:3,4

d1:3,4

d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:4,5
d1,2:5,6
di,2:6,7
d1,2:3,4
d1,2:3,4
d1,2:3,4
d1,2:3,4

a - 4 classes
a -5 classes
a - 6 classes
a -7 classes
a1,2:3,4

d1,2:3,4

Survival

. col
. col
. col
. col
. col
. col
. col
. col
. col
. col

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o~

. col
t
t + col

t+d. col
t+ds. col

t+ d2:3 .

d1 + dzlg . col

d. col
d

t+ dz,s .
t+ dz,g .
t+ dz,g .
t+ dz,g .
t+ dz,g .
t+ dz,g .
t+dys.
t+ d2,3 .
t+ d2,3 .
t+ d2,3 .
t+ d2,3 .
t+ d2,3 .
t+ dz,s .

col

col
col
col
col
col
col
col
col
col
col
col
col
col

t+d. col

Encounter
Ring Collar Dead
t.g t.g t. col
t.g t.g t
t.g t.g t + col
t.g t t + col
t t.g t + col
t+g t.g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t t+g t + col
t+g t t + col
t+g t+g t
t+g t+g col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t + col
t+g t+g t+col.d
t+g t+g t+col.d
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NP

237
209
210
181
180
183
156
152
153
154
153
125
126
128
126
126
103
104
101
127
127
127
127
125
126
126
99
128
129
130
131
129
130

Deviance

118119.73
118218.20
118161.02
118418.98
118260.05
118193.30
118237.61
118267.49
118265.80
118237.77
118244.93
118388.79
118307.25
118279.72
118311.04
118295.74
118371.72
118371.72
118471.00
118280.80
118284.93
118288.63
118293.36
118353.20
118502.21
118394.61
118393.67
118280.68
118279.80
118279.02
118278.78
118268.54
118266.82

AQAIC

97.52
119.92
76.39
223.78
95.24
48.09
27.37
45.16
45.82
25.50
29.20
87.74
24.82
6.90
27.83
15.65
30.15
32.15
105.19
5.75
9.05
11.99
15.76
59.40
180.04
94.37
39.62
7.66
8.96
10.34
12.15
0.00
0.63



34 M16 01234 t + col t+g t+g t+col.d 128 11829531 21.31
35 M17 01234 d. col t+g t+g t+col.d 106 118360.19 26.97
36 M18 01234 di+daz.col t+g t+g t+col.d 105 118360.23 25.00

Note: a, age effect; t, time effect; col, collar effect; g, heterogeneity in encounter probability (groups with high
and low encounter probability); i, constant; d, time effect reduced to three periods (1: before special hunting
regulations; 2: special hunting regulations in Canada only; 3: special hunting regulations in Canada and the
USA); ‘+, additive effect; *.", interaction. Notation for indices: "’ denotes a parameter constrained equal for two
periods or age classes; ‘,; denotes a parameter varying between periods or age classes.
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Table S3.4 Complete set of models tested for the analysis of hunting and natural mortality probabilities in adult
female greater snow geese marked between 1990 and 2018. Constraints on collar loss were identical to model
M14 in Table 3.1. For each model, deviance, number of estimated parameters (NP) and difference in QAIC
(AQAIC) with the most parsimonious model (P10) are provided.

Mortality Encounter .
Name = = = NP Deviance AQAIC
Hunting Non-hunting Ring Collar Dead
P24 HR +d23.col t+ds. col t+g t+g t+col.d 132 118267.86 0.00
P10 HR +d>3.col t+ds. col t+g t+g t+col 129 118276.33 0.74
P23 HR +dys.col t+d,s.col t+g t+g t+col.d 133 118267.72 1.89
P9 HR +dy3.col t+d,s. col t+g t+g t + col 130 118276.09 2.56
P15  HR+d,3.col t+ds.col t+g t+g t+col 131 118273.61 2.58
P25 HR +dy5.col t+d,s. col t+g t+g t+col.d 134 118266.10 3.31
P5 HR +d. col t+d. col t+g t+g t + col 133 118270.30 3.95
P11 HR + col t+ds. col t+g t+g t+col 129 118281.18 4.61
P22 HR +d. col t+d. col t+g t+g t+col.d 136 118264.86 5.61
P12 HR + col t+d. col t+g t+g t+col 131 118279.44  7.22
P20 HR +d23.col t+ds. col t+g t+g t 128 11829796 15.97
P7 HR t+d. col t+g t+g t+col 130 118296.48 18.79
P4 HR +d. col t + col t+g t+g t+col 131 118294.20 18.97
P8 HR +dy3.col t+d,s.col t+g t+g t 130 118296.88 19.10
P13 HR t+dys. col t+g t+g t + col 129 118303.69 22.52
P1 HR +d. col t. col t+g t+g t + col 159 118237.24 29.62
P14 HR+dys3.col t t+g t+g t + col 129 118314.54 31.17
P6 HR +d . col t t+g t+g t+col 130 118313.95 32.70
P3 HR +d. col t. col t+g t+g t 158 118250.49 38.17
P17 HR +d. col i t+g t+g t+col 102 118392.49 39.23
P2 HR +d. col t. col t+g t+g t.col 182 118207.91 52.27
P18 HR +d>3.col t+ds. col t t+g t+col 127 118352.00 56.99
P16 HR +d>3.col t+d,s. col t+g t+g col 103 118492.57 120.91
P21 HR +d>3.col t+ds. col t+g t+g col 101 118533.36 149.39

Note: HR, harvest rate covariate; d, time effect reduced to three periods (1: before special hunting regulations;
2: special hunting regulations in Canada only; 3: special hunting regulations in Canada and the USA); col, collar
effect; t, time effect; g, heterogeneity in encounter probability (groups with high and low encounter probability);
i, constant; ‘+', additive effect; *.’, interaction; notation for indices: "’ denotes a parameter constrained equal for
two periods; ‘" denotes a parameter varying for two periods.
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Annexe S4 — Documentation supplémentaire pour le
Chapitre 4
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Annexe S4.1 — Multievent model definition

In multi-event capture-mark-reencounter models, the biological states of individuals are decoupled from their
observations, allowing the assignment of one or more biological states to a same observation ‘event’ (or
encounter; Pradel, 2005). LeTourneux et al. (2022) developed a model that took into account differences in
catchability of individuals on the summer breeding grounds (i.e., heterogeneity in encounter probability)
observed in this species. Here, we expand this model to account for heterogeneity in live encounter in multiple
seasons, which was detected in our dataset (see Appendix S4.2). We consider 4 types of encounters in our
model, with some that can occur only in particular seasons. ‘1" is for a leg-ringed-only bird physically captured
on the breeding grounds during the summer only. 2’ is for a collared bird observed in any season or physically
captured on the breeding grounds during the summer. ‘3’ is for a bird shot and reported by hunters, which can
happen in fall, winter and, after 1999, in the spring season as well. Finally, ‘0 is for a bird that is not encountered.

S4.1.1 Modelling heterogeneity in live-encounter probability

The model of LeTourneux et al. (2022) considered 7 distinct states. A bird Alive with Ring only can be Highly
encounterable (state ARH) or Weakly encounterable (ARW). Similarly, and a bird Alive with a Collar can also
be Highly (ACH) or Weakly encounterable (ACW). Birds that died in the interval between occasions t and t+1
are in the states Newly Dead with Ring only or Newly Dead with Collar at occasion t+1 (states NDR and NDC,
respectively). At the next occasion, all newly dead birds transition to an absorbing Dead state (state D), which
is unobservable and ensures that individuals encountered dead are not contributing to the likelihood beyond the
occasion when they are recovered (Gauthier and Lebreton, 2008). In the case of collared individuals that can
be encountered alive at all seasons, we cannot assume that individuals highly observable in one season will
also be highly observable in other seasons as well (see Appendix S4.3). We account for this by splitting the ACH
and ACW states in summer into two new states each for birds highly and weakly observable during fall. Thus,
Highly observable collared birds during summer are split into ‘Alive with Collar, Highly observable summer,
Highly observable fall (ACHH) and ‘Alive with Collar, Highly observable summer, Weakly observable fall’
(ACHW). Similarly, weakly observable birds during summer are split into two groups, one highly observable in
fall and one weakly observable in fall, yielding the states ACWH and ACWW. Each of these four states are then
split in two more states for birds that are highly and weakly observable in winter, and the same is subsequently
done for the spring season, yielding at the end 16 states ‘Alive with Collar’.

The live-encounter probabilities of the 8 states representing individuals with a high encounter probability in a
given season are constrained equal regardless of their previous history. For instance, in winter, we group the
following states: ACHHHH, ACHHHW, ACHWHH, ACHWHW, ACWHHH, ACWHHW, ACWWHH, ACWWHW,
or all those that have the letter ‘H' in the 5t position of the state abbreviation. They represent a group of birds
that is highly encounterable in winter but can either be highly or weakly encounterable in the other 3 seasons.
In the state abbreviations, the letters in positions 3 to 6 represent the observability group an individual belongs
to in summer, fall, winter and spring, respectively. For the sake of simplicity, we assume that the proportion of
birds transitioning to either the highly or weakly observable state in the following season is independent of their
observability in the current season (i.e., probabilities (1) of the initial state matrices below are constant across
departure states). Furthermore, we do not allow transitions between these encounterability states between
years, thereby forcing individuals belonging to an observability class in a given season to remain in that class
for that season over the whole study period. This applies only to collared birds as ringed-only individuals can
only be encountered alive during the summer occasion.

The multievent framework developed by Pradel (2005) accommodates datasets where state assignation is
uncertain as is the case here (i.e. there is no a-priori information on whether an individual belongs to the highly
or weakly observable category in each season). In multievent models, there are three types of matrices, each
defining different processes. The first type is the initial state matrix (&), which defines the states of individuals
when initially marked. In our model, the probability that individuals belong to each ‘encounterability’ group (1) is
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determined through the initial state matrix. The four steps of that matrix define the probability that individuals
belonging to a high or low encounter group become part of a high or low encounter group at each subsequent
season. Hence, the first step defines the probabilities that individuals belong to the high or low encounter group
in the summer for leg-ringed-only birds (ls, and I*s,, respectively) and collared birds (I'sy and 1 - (Isu + *su + I'sy)),
the second step the probability for fall (/%), the third step for winter (/'s) and the fourth step for spring (I'sp). Steps
2 to 4 define these probabilities for collared birds only because leg-ringed-only birds can not be observed alive
outside of the summer occasion. Matrices for these four steps are defined as follow:

(Note that to simplify the presentation, only Alive with collar states are shown in matrix &, since transitions
between the other states (ARH, ARW, NDR, NDC and D) are identical to those of matrix d5).

182



The second type of matrix is the transition matrix, which describes ecological processes of interest, in our case
the probabilities of collar loss and survival. The transition matrix is decomposed in two steps, one for each of
these processes. The collar loss matrix defines the probability that an individual wearing a collar and a leg-ring

loses its collar (C), which allows heterogeneity in reporting rate due to collar loss (Juillet et al., 2011). This matrix
is:

Here, a bird that loses its collar remains highly- or weakly-encounterable during summer based on whether they
were initially highly- or weakly-encounterable during the summer occasion, regardless of their encounterability
in the other seasons. This is because birds wearing only a leg-ring can only be encountered alive during the
summer occasion. The second step of the transition matrix defines survival probabilities (S) between t and t+1.

Survival differs between collared individuals (S") and leg-ringed-only birds (S) but is independent of whether a
bird is highly- or weakly-encounterable. Ringed-only and collared birds dying between t and t+1 enter the NDR
and NDC states, respectively. All newly dead birds transition to the permanent dead absorbing state (D) at the
next interval where they become unavailable for encounter.
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Finally, the third type of matrix is the event matrix (Q), which links the observations (events, columns) to the
states of individuals (rows). This matrix is also implemented in two steps to allow a different recovery probability
for ringed and collared birds. The first step contains the observation probabilities of individuals that are
encountered alive with a leg-ring (p) or a collar (p’), and the recovery probabilities of collared birds encountered
dead (r). Asterisks denote live encounter probabilities of weakly-encounterable individuals (p*, p™). Constraints
are used on observation probabilities of matrix €, so that all groups that are highly or weakly encounterable in
one season share the same observation probability. For the sake of simplicity, we only show two versions of this
matrix, one for the summer and one for the winter, but matrices for the fall and spring are adjusted accordingly.
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A second and last step of the event matrix is introduced to fully define the recovery probability of ringed-only
individuals, while other encounter probabilities remain identical. In this step, parameter b is introduced to ensure
that recovery probability of leg-ringed-only birds (r) do not exceed that of collared birds. Recovery probability for
leg-ringed-only birds is obtained by the product r * b (see Appendix S4.4 for details).

The capture histories, E-SURGE model definition and initial values for our most parsimonious model are publicly
available on Dryad, along with R scripts and associated data to reproduce all figures. (LeTourneux F, Gauthier
G, Pradel R, Lefebvre J, Legagneux P. 2024. Data from: Evidence for seasonal compensation of hunting
mortalities in a long-lived migratory bird [Dataset]. Dryad. https://doi.org/10.5061/dryad.x95x69pt7).
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Annexe S4.2 — Discrete analysis of continuous live encounter data

One assumption of CMR models is that live encounters occur during discrete encounter occasions separated
by relatively long intervals (Hargrove and Borland, 1994). The condition of no or negligible mortality over the
course of relatively short encounter occasions is then reasonable. However, when encounter occasions are
spread out over longer periods (e.g., a few months), this increases the risk of introducing heterogeneity in live
encounter probabilities because individuals that die during an encounter occasion are no longer available to be
encountered alive for the same period of time compared to individuals that survive the until the end. Therefore,
individuals dying during the encounter “occasion” are not exposed to being observed for the whole period of
time, which reduces their live encounter probability compared to individuals that survive. Although this can
theoretically bias survival estimates, studies have found that using continuous live encounter data for periods
up to 6 months did not significantly bias survival estimations and actually increased their precision (O’Brien et
al., 2005). In our dataset, another potential issue with lengthy encounter occasions is that individuals do not all
migrate at the same time, creating a situation where, for short periods, some individuals can be encountered at
a certain location (i.e., an encounter occasion in our sampling scheme) while others have migrated and left the
area and thus cannot be encountered there anymore. This could also lead to heterogeneous encounter
probabilities between individuals because again they are not all exposed to being encountered for the same
amount of time at a given occasion.

We examined if these violations of assumptions could bias our estimates using simulations. More specifically,
we tested whether the introduction of heterogeneity in live encounter probabilities from either (1) the use of
continuous and relatively long live encounter occasions or (2) different migration schedules between individuals
could bias our survival estimates. We generated 200 datasets where the observation and survival processes
were simulated on a weekly basis, allowing individuals to be observed and subsequently die during the same
season (i.e., occasion). We also introduced a migration process where individuals had an increasing probability
of migrating to the next location (i.e., occasion) as they came closer to the end of the current occasion. We
adjusted the weekly migration and survival probabilities so that the seasonal distribution of simulated collar
observations and recoveries was similar to our real dataset (Figure S4.1). Finally, we also introduced individual
heterogeneity in live encounter probabilities (see Appendices S4.1 and S4.3) by simulating half the dataset as
individuals with high, and the other half as individuals with low encounter probabilities. For the sake of simplicity,
this was only done for collared individuals. Each dataset contained 900 marked individuals per summer (300
rings, 600 collars, mimicking the number of females marked with each marker) for 10 years. Average seasonal
survival of leg-ringed-only hirds in simulations was set at 0.99, 0.92, 0.95 and 0.96 for summer, fall, winter and
spring seasons, respectively, and for collared birds at 0.99, 0.92, 0.87 and 0.92. Physical recapture probability
during summer was simulated at 0.05. Finally, collar resighting probabilities varied among seasons and
heterogeneous groups and were set for the high (low) observation groups at 0.27 (0.06), 0.48 (0.18), 0.25 (0.06),
0.27 (0.08) for summer, fall, winter, and spring, respectively. Simulations were done with E-Surge (Choquet
et al., 2009), using the R2ZEsurge package in R to repeat analyses multiple times.

Results showed that survival and encounter probabilities estimated from the simulated data were similar to those
used to generate the simulations (Fig. S4.2). Mean bias in survival probability was small (<0.01) at all seasons
and bias did not exceed 0.04 for 95% of individual simulations. Moreover, estimated bias was normally
distributed around the mean value (Fig S4.2). Thus, we conclude that the violation of the discrete encounter
occasion assumption of CMR models did not induce significant biases in our survival estimates.
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Figure S4.1 Comparison of the distribution of greater snow goose encounters in the real and simulated datasets
according to week of the year. Annual distribution of A: observations of birds marked with neck collars between
1990 and 2019, B: observation of collared birds from simulated datasets, C: recoveries of birds shot between
1990 and 2019, D: recoveries from simulated datasets. Yellow is used for encounters occurring during the
summer seasons, orange during the fall, blue during winter and green during spring.
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Figure S4.2 Frequency distribution of bias in average seasonal survival estimated for 200 datasets simulated
and subsequently analyzed with E-Surge for summer, fall, winter, and spring. Bias is the difference between
estimated survival in each simulation and the ‘true’ survival used to generate simulated datasets. The dashed
lines are the mean bias over all simulations for each season.
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Annexe S4.3 — Goodness-of-fit tests

The goodness-of-fit (GOF) tests revealed significant overdispersion in our dataset (Table S4.1). Test M
(homogeneity in live encounter probability, trap dependence) and Test 3G (homogeneity in survival, transience)
were highly significant for both leg-ringed-only and collared birds. As previously found in this dataset on an
annual basis (LeTourneux et al., 2022), a detailed examination of the contingency tables of Test M revealed that
individuals not encountered in a given occasion are subsequently less re-encountered alive compared to those
encountered in that occasion. This suggests the presence of heterogeneity in live-encounter probabilities among
individuals, which can be explained, at least in summer, by our sampling scheme and the biology of the species
(LeTourneux et al., 2022). Indeed, because geese exhibit some nesting and brood rearing site fidelity (Lecomte
et al., 2008), those that nest or rear a brood in the central area of our monitoring and ringing operations may be
more likely to be encountered than other birds. Similarly, because collar observations on the staging and
wintering grounds tend to occur at the same sites year after year, birds exhibiting fidelity to those sites may also
be encountered more often than others. Tests of models with heterogeneity in collar observation probabilities
confirmed that a model with heterogeneity at all seasons fitted the data much better than a model without any
heterogeneity or when present only in summer (Table S4.2).

Test 3G was also highly significant for collared females and marginally significant for leg-ringed-only birds (Table
S4.1). However, the presence of heterogeneity in live-encounter probabilities (Test M) can lead to a significant
Test 3 even in the absence of transience effects or heterogeneity in survival probabilities (Jeyam et al., 2018),
and this was demonstrated for our dataset with simulations (Appendix S3.3). Although we cannot entirely
exclude the presence of some transient birds in our dataset, this possibility is minimized by our marking scheme.
Indeed, geese are marked at the end of the brood-rearing period when only successful breeders are still present
because most failed and non-breeders have left the area to moult elsewhere (Reed et al., 2003). Consequently,
the transience-like effect identified in our dataset by Test 3G is probably largely an artifact of heterogeneity in
live-encounter probabilities.

S4.3.1 ¢ calculation

The overall variance inflation factor for a CMR dataset can be calculated by dividing the Chi-squared statistic of
the GOF test by its corresponding degrees of freedom (in our case, ¢ = 12,595.66 / 4,234 = 2.97, Table S4.1).
However, this statistic must be adjusted because the inclusion of heterogeneity in live-encounter probability in
the model structure increases the fit to the data. We used the method implemented in LeTourneux et al. (2022)
and conducted a Likelihood Ratio Test (LRT) between two versions of our most general model, one including
heterogeneity in live-encounter probabilities at all seasons (our model MO in Table 4.1) and one without. The
calculation of our adjusted ¢ was thus:

- x%.; — (DEV; — DEV,)
@ dftot - (npg - npi)

Where thot and df;,; are the chi-squared statistic and degrees of freedom of the overall GOF test (Table
S4.1), DEV; and np; are the deviance and number of parameters of the initial model (i.e., without heterogeneity
in live-encounter probabilities; model 3, Table S4.2), and DEV, and npgy are the deviance and number of
parameters of the model with heterogeneity in live-encounter probabilities at all seasons (model 1, Table S4.2),
respectively. Applying this formula yielded an Adjusted ¢ of 2.0, which was used to adjust models in the main
analysis.
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Table S4.1 Results of the goodness-of-fit test for multi-state models and variance inflation factors computed for
encounter histories of adult greater snow geese marked between 1990 and 2018. Tests were conducted
separately for leg-ringed-only males and females (because their live encounter probabilities are estimated
separately in all models) and for collared females (because they can be observed during all encounter occasions
unlike birds wearing only a leg-ring). For leg-ringed-only birds, GOF tests were conducted on an annual dataset
because Test M fails when individuals are not detectable in all occasions. For all groups and all test components,
the chi-squared statistic (y2), degrees of freedom (df) and p-values (p) are provided. Overall ¢ is the variance
inflation factor calculated from overall GOF tests and Adjusted ¢ is the inflation factor corrected for the inclusion
of heterogeneity in live-encounter probability in our model (see text for calculation).

Group con;rss:\ent X af P
Test 3G.Sr 54.788 29 0.003
Collars - Females Test 3G.Sm 439.398 264 <0.001
(seasonal) Test M.ITEC 2,779.483 288 <0.001
Test M.LTEC 7,279.543 2,591 <0.001
Test 3G.Sr 44.104 28 0.027
Rings — Males (annual) Test 3G.Sm 108.231 103 0.343
Test M.ITEC 445 849 81 <0.001
Test M.LTEC 677.988 362 <0.001
Test 3G.Sr 31.207 28 0.308
Rings - Females Test 3G.Sm 123.961 96 0.029
(annual) Test M.ITEC 193.356 79 <0.001
Test M.LTEC 417.753 285 <0.001
All birds Overall test 12,595.66 4,234 <0.001
Overall ¢ 2.97
Adjusted é 2.00
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Table S4.2 Number of parameter and deviances of models with the same constraints except for the presence of
heterogeneity in live-encounter probabilities (K = number of parameters).

Model K Deviance

1. With heterogeneity in live-encounter probabilities at all seasons (model 370 377,865.108

MO, Table 1)

2. With heterogeneity in live-encounter probabilities in summer only 364  381,149.217

3. Without heterogeneity in live-encounter probabilities 360  382,010.523
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Annexe S4.4 — Additional modelling considerations

S4.4.1 Initial parameter values

The complexity of our model required us to specify realistic initial parameter values (i.e. close to the expected
values) to converge on a global maximum likelihood. To avoid local maxima, we ran the two preferred models 5
times with random starting values, but this systematically resulted in high deviances. We also ran these models
5 more times with random values in the vicinity of the parameter estimates and this systematically yielded
identical deviances among themselves.

S4.4.2 Constraints on ring recovery probabilities of collared birds

In CMR models, encounter and survival probabilities are linked because they are estimated from the same
dataset. Therefore, changes in the former can sometimes be compensated by changes in the latter and yield
different mathematical solutions with similar likelihoods. This is especially true when estimating a large number
of parameters, which can lead to instability in the model. Recovery probabilities are particularly challenging to
estimate because a dead bird that is not recovered can never be re-observed later, as opposed to live birds not
encountered in a particular occasion, which can eventually be encountered later. Early in our modelling selection
process, some models converged on recovery probabilities that were higher for ringed birds than for collared
hirds. We consider this effect to be biologically unrealistic and likely to be an artefact due to parameter instability
for several reasons. First, estimated recovery probabilities of collared birds are systematically higher or
equivalent to those of birds with only a leg ring in other goose studies (Caswell et al., 2012; Reed et al., 2005;
Samuel et al., 1990). Second, in our analyses some models would find a positive effect of collar on recoveries
while others with very similar parameter constraints would find the opposite. Third, LeTourneux et al. (2022)
systematically found a higher annual recovery rate for collars using the same dataset on an annual basis, using
a simpler and more stable model.

We must also consider that the recovery probability in our model is defined as the probability that a bird dies
from hunting, is retrieved and has its marker reported among birds that died between t and t+1 (i.e. conditional
on death). LeTourneux et al. (2022) found that hunting mortality was higher in collared than leg-ringed-only birds,
providing little support for the hypothesis that leg-ringed birds would die proportionately more from hunting than
collared hirds. Finally, collars are a large and conspicuous marker that can not be missed when the bird is
retrieved, which should increase the probability that it is reported by hunters compared to leg rings.
Consequently, because recovery probabilities should be positively affected by the presence of a collar, we
concluded that these discrepancies between models were an artefact of model instability, and we constrained
recovery probabilities of leg-ringed-only birds to be lower or equal to that of collared birds in all models.

This was achieved by introducing parameter b in a second step of the event matrix (Q,; see Appendix S4.1 for
details). When multiplying the two steps of the event matrix (Q: and Q), the recovery probability of a collared
hird remains r while the recovery probability of a bird with only a leg ring becomes r * h. Because b is on the
probability scale, this parameter is constrained to the [0,1] interval, effectively constraining r*b <r.
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Annexe S4.5 — Survival of collared geese and encounter
probabilities for all birds

Figure S4.3 Seasonal live encounter estimates of collared greater snow geese for highly- and weakly-observable
groups between 1990 and 2019 from model M10 (Table 4.1). Summer live encounters pool physical recaptures

and observations while only observations are available in the other seasons. Points represent annual estimates
with their 95% confidence intervals (error bars).
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Figure S4.4 Summer live encounter estimates (physical recapture) of male and female leg-ringed-only greater
snow geese for highly- and weakly-observable groups between 1990 and 2019 from model M10 (Table 4.1).
Points represent annual estimates with their 95% confidence intervals (error bars).
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Figure S4.5 Seasonal recovery estimates of leg-ringed only and collared greater snow geese between 1990 and
2019 from model M10 (Table 4.1). Points represent annual estimates with their 95% confidence intervals (vertical
bars).
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Figure S4.6 Seasonal survival estimates of greater snow geese between 1990 and 2019 from model M6, Table
4.1 (yellow: leg-ringed-only males and females, blue: collared females; pink: both groups combined). The shaded
area represents the 95% C.I. of survival estimates from the most parsimonious model, where survival is
constrained equal for time periods with similar hunting regulations (model M10, Table 4.1). Points represent
annual survival estimates with their 95% confidence intervals (error bars).
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Figure S4.7 Comparison of annual survival estimates of leg-ringed-only adult greater snow geese obtained from
the annual dataset (red; from LeTourneux et al., 2022) and reconstructed from the seasonal estimates (blue;
this study, see Fig. 4.4). Points represent annual survival estimates with their 95% confidence intervals (red:
model M14 in Table 3.1 (Chapter 3); blue: model M6 in Table 4.1, this study). The shaded area represents the
95% C.1. of survival estimates for models where survival is constrained equal for time periods with similar hunting
regulations (red: model M17, Table 3.1 (Chapter 3); blue: model M5, Table 4.1, this study).
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Annexe S4.6 — Compensation relationships

S4.6.1 Relationships between seasonal mortality for other seasons with hunting

Figure S4.8 Relationship between winter and fall mortality estimates of adult greater snow geese between 1999
and 2018, after implementation of special hunting seasons in Canada only (spring, 1999-2008, closed dots) and
in Canada and USA (spring and winter, 2008-2019, open dots). Error bars are 95% C.I. of seasonal survival
estimates computed as 1-survival from model M6 (Table 4.1). The dashed line represents the mean
bootstrapped slope estimated from 10 000 simulations (see methods; B [95%Cl] = -0.03 [-0.27, 0.21]). The gray
shading represents the central 95% of the bootstrapped relationships.
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Figure S4.9 Relationship between spring and fall mortality estimates of adult greater snow geese between 1999
and 2018, after implementation of special hunting seasons in Canada only (spring, 1999-2008, closed dots) and
in Canada and USA (spring and winter, 2008-2019, open dots). Error bars are 95% C.I. of seasonal survival
estimates computed as 1-survival from model M6 (Table 4.1). The dashed line represents the mean
bootstrapped slope estimated from 10 000 simulations (see methods; B [95%Cl] = -0.05 [-0.41, 0.31]). The gray
shading represents the central 95% of the bootstrapped relationships.
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S4.6.2 Relationship between annual survival probability and harvest rate

We used a normal linear regression to determine the relationship between annual survival probability of adult
greater snow geese and an independent estimate of annual adult harvest rate between 1999 and 2018. Annual
harvest rates were obtained by dividing the number of adult geese harvested annually (estimated by national
hunter surveys) by the fall population size (estimated by an aerial photographic census; see Appendix S3.2 for
details on harvest rate calculation). We accounted for uncertainty in annual survival estimates in this regression
using a bootstrap approach similar to the one used to determine the relationship between mortality estimates
between seasons. Namely, we generated 10,000 datasets of annual survival by sampling values from logit-
normal distributions defined by each seasonal survival estimate and its standard error, which were obtained from
the relevant CMR model. The four seasonal survival estimates for each dataset were then multiplied to obtain
annual survival estimates. We ran linear regressions between annual survival values derived from each
simulated dataset and we calculated the mean slope and its 95% confidence interval from the distribution of the
10,000 slope estimates obtained. We visually assessed the linear model assumption of normality of residuals
and made sure there were no outliers. Effects and estimates are reported with their 95% confidence intervals.

Figure S4.10 Relationship between annual survival probability estimates and harvest rate of adult greater snow
geese between 1999 and 2018, after implementation of special hunting seasons in Canada only (spring, 1999-
2008, closed dots) and in Canada and USA (spring and winter, 2008-2019, open dots). Error bars are 95% C.I.
of annual survival estimates computed from seasonal estimates of model M6 (Table 4.1). The dashed line
represents the mean bootstrapped slope estimated from 10,000 simulations (see text above; B [95%CI] = 0.4
[-0.6, 1.5]). The gray shading represents the central 95% of the bootstrapped relationships.
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Annexe S4.7 — Complete model selection table

Table S4.3 Complete results of model selection for the analysis of seasonal survival and dead encounter
(recovery) probabilities of adult greater snow geese marked between 1990 and 2018. For each model, model
number from Table 4.1 in the main text, number of estimated parameters (K) and difference in QAIC (AQAIC)
between the current and the most parsimonious model (M10) are provided. Full time variation and heterogeneity
in observation in interaction with seasons was applied to live encounter probabilities of collared birds in all
models. Similarly, full time variation for summer occasions, heterogeneity in live encounter probability and a sex
effect were applied to live encounter of leg-ringed-only birds in all models, except for model M1 where the sex
effect was absent.

Model
No.

M10
M11
M9
M13
M8
M6
M7
M14

M5
M12

M4

MO
M2
M3
M1

Survival

. Spring + summer + di23 . winter + di 23 . fall + col . seas . d3
. Spring + summer + winter + di 2 . fall + col . seas . d; 3

. S€8S al, spring + SUMMer + di23 . winter + col . seas . dy3

. 8€8S 14l spring + SUMMer + winter + col . seas . da3

. 5€8S summer, fal, spring T Winter + col . seas . dh3

. 8685 summer fall spring + G123 . Winter + col . seas . da3

di23. Spring + summer + dy 23 . winter + dy 25 . fall + col. seas . dos
t+col.seas . dy3

d.seas+ col.seas. th3

. 5688 summer, fall, spring + O1.2:3 . Winter + col . seas . dh3

.seas+ col.seas.d

. S€8S summer, fal, winter + 01 23 . SPriNg + col . seas . da3

. S€8S summer, fall, winter T SPHNG + col . seas . da3

. $€8S summer, fall, winter T 01:2.3 . SPring + col . seas . ths

.seas+ col.seas.d

di23 . Spring + summer + dio3 . winter + di 23 . fall + col . seas . d>3
t+ col.seas.d

d.seas+ col.seas. dhs

d.seas+ col.seas.d3

d.seas+ col.seas.d

spring + summer + di23 . winfer + di 23 . fall + col . seas . da3
d.seas+ col.seas.d

t+ col.seas.d

t+ col.seas. dhs

t+ col. d2‘3

t+ col.seas.d

O O o O O Q

o O o Q 9 o

Recovery

t+col.
t+col .
t+col.
t+col.
t+col.
t+col.
t+col.
d. (seas + col)
t+col.
t+col.

t+ col

t+col.
t+col.
t+col.
t+col.
t+col.
d. (seas + col)

t+ col

t+ col . seas
t+col. seas
t+col.
t+col.seas.d

t+ col
t+col
t+ col
t+ col

Q O O Q Q Q

d

d
d

Q O Q Q

d

d

K AQAIC
259  0.00
258 098
260 2.00
259 269
261 587
262 599
258 6.3
297 713
263 745
262 785
264 859
262  9.75
261 10.41
262 1076
266 10.73
258  10.80
300 11.66
261 1179
263 1189
266 1231
2570 1333
2711 191
370 739
367 7445
361 136.20
369 206.37

Note: t, full time effect (seasons x years); d, year effect reduced to three periods (1: before special hunting
regulations, 1990-19998; 2: special hunting regulations in Canada only, 1999-2008; 3: special hunting
regulations in Canada and the USA, 2009-2019); seas, full seasonal effect (all seasons differ); summer, fall,
winter or spring, seasonal effect present in the specified season; col, collar effect; ‘+’, additive effect; ‘",
interaction. Notation for indices: ‘' denotes a parameter constrained equal for two periods; ‘, denotes a
parameter varying between periods.
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Annexe S5 — Documentation supplémentaire pour le
Chapitre 5

203



Annexe S5.1 — Multievent model definition

Multievent models differentiate the true state of individuals from their observations, from which the true states
can be inferred (Pradel, 2005). LeTourneux et al. (2022) developed a model that accounts for heterogeneity in
live encounter probabilities for this population. Based on this model, we developed a new parameterization to
allow permanent emigration from the study area. In the current model, we considered 3 types of encounters: ‘1’
captured alive on the breeding grounds at time t, ‘2": shot by a hunter and recovered dead between t- 1 and t,
and ‘3’ not encountered. These encounters can link individuals to one of 6 states that describe their status
(alive/dead), age (juvenile/adult) and affiliation to one of 3 capturability groups (highly capturable, weakly
capturable, emigrated — not capturable). These states are: Alive Juvenile (AJ), Alive Adult and Highly capturable
(AAH), Alive Adult and Weakly capturable (AAW), Alive Adult permanently Emigrated (AAE), Newly Dead (ND)
and Dead (D). Newly dead birds represent birds that just died, and the distinction between this state and an
absorbing and unobservable dead state is needed to avoid individuals contributing to the recovery probability
beyond the occasion in which they were recovered (Gauthier and Lebreton, 2008).

Multievent models are based on three type of matrices that describe different processes. The initial state matrix
() defines the states of individuals when they are initially marked. In this case, all juvenile birds are in the state
AJ when they are initially captured. Adults are alive when first captured and can belong to either a group that is
highly or weakly encounterable (AAH and AAW, respectively, see Appendix S3.1 for details). The initial state
matrix defines the probability (g) that adults captured belong to either of these groups. No individual can initially
be in the state permanently emigrated (AAE) as all birds were initially captured on Bylot Island. This matrix is
defined as follow for juveniles and adults:

5 — AJ AAH AAW AAE ND D
Juv. — 1 0 0 0 0 0

. AJ AAH AAW AAE ND D

L g (1-¢g) O 0 0

The second type of matrix is the transition matrix ('), which describes ecological processes of interest, that is
survival (S) and emigration (E) probabilities. Adults that survive between year t and t+1 (probability Sz) can
emigrate from the breeding area (probability E) or remain breeders on Bylot Island in their initial state with a
probability (1-E). However, adult birds cannot transition between encounterability groups, and emigration is
permanent (i.e. emigrated birds remain in the state AAE once they have emigrated). In the case of juveniles,
this matrix also defines the probabilities of transitioning to the high (AAH) or low (AAW) encounterability group
as adults (probabilities H and L, respectively), conditional on their survival (S;). Because surviving juveniles can
only transition to either of those groups or to the Alive Adult and permanently Emigrated group, the probability
that a juvenile emigrates, conditional on its survival between t and t+1, is (1-H-L). Survival probabilities of adults
are constrained equal for all three states. The transition matrix is thus defined as follows:
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The third and last type of matrix is the encounter matrix (Q). This matrix links the different types of observations
(events) to the biological states of interest. The model is conditional on the first capture, meaning that all
individuals have a first capture probability of 1. This matrix thus defines encounter probabilities for occasions
following the initial capture. Because juvenile birds automatically transition to the adult states if they survive their
first year, they can not be encountered in that state at any point in their capture history, which is why all encounter
probabilities are set to 0 for this state. This matrix contains capture probabilities for adults that are highly or
weakly capturable (p and p*, respectively). Similarly, newly dead birds can be encountered with probability r,
which differs between adults and juveniles in our model. The event matrix is defined as follows:

Note that because of parameter estimation issues linked to MCMC sampling that are beyond the scope of this
appendix, recovery probabilities in the model code provided along with this paper are coded in the transition
matrix, as advocated in section 9.5.3 of Kéry and Schaub (2012).
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Annexe S5.2 — Encounter and emigration probabilities

Figure S5.1 Annual live encounter probability estimates for highly capturable (circles) and weakly capturable
(triangles) male (green) and female ( ) adult greater snow geese captured in banding drives at the end of
the breeding season on Bylot Island between 1991 and 2019. Error bars are 95% credible intervals.
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Figure S5.2 Annual recovery probability estimates of adult ( ) and juvenile (blue) greater snow geese
marked on Bylot Island between 1990 and 2018.
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Figure S5.3 Probability estimates of adult and juvenile male and female greater snow geese marked on Bylot
Island between 1990 and 2018 to belong to different states. Points are mean model estimates and error bars
are 95% credible intervals. A: Probability of belonging to the state Adult Alive and highly-capturable. Details in
Appendix S5.1. B: Probability of transition to the state ‘Adult Alive Emigrated’ from other alive states (i.e.,
permanent emigration).
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Annexe S5.3 — Relationships between phenology and hatching

Figure S5.4 Relationship between hatching date of greater snow geese and plant phenology on Bylot Island
between 1990 and 2019. Figure updated from Doiron et al. (2015). A: Time series of median hatching date (open
dots) and date of peak plant quality derived from NDVI data (NDVIs, date, see text; closed dots). B: Relationship
between annual median hatching date and date of peak plant quality (blue line, relationship: predicted hatching
date = 143 + 0.26*NDVIs, date, R? = 0.29) and its 95% C.I. (shading). The dotted line represents a 1:1
relationship.

209



Figure S5.5 Relationship between individual mismatch values (difference between individual hatching date and
annual date of peak plant quality) and annual date of peak plant quality for known-age, juvenile greater snow
geese recaptured at the end of brood rearing on Bylot Island (Nunavut) between 1991 and 2019. Colors are
used to differentiate years. A small jitter was used to better appreciate the distribution of mismatch values for
every date of spring phenology.
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Annexe S5.4 — Model validation: analysis of simulated data

We ran simulations to validate the performance of our multievent model in estimating the effect of a trophic
mismatch on juvenile survival. We simulated 45 000 individuals over 27 occasions (1000 juveniles and 667
adults marked per occasion). Input parameter values were chosen to reflect either results of a previous analyses
of a subset of our dataset (LeTourneux et al., 2022) or our a-priori knowledge of the system for parameters that
were not previously estimated. The dataset was simulated with a random effect of year on adult and juvenile
survival and on live and dead encounter probabilities. We included a negative effect of hunting regulation
changes for occasions 14 to 26 that was strong for adults (Bhunt_ad= -0.62) and weak for juveniles (Bhunt_ju = -0.30),
and a moderate mismatch effect on juvenile survival (Bmismach = -0.12). We simulated probabilities that birds
belonged to a high or low encounter group, and these differed between age classes (adults: 0.15 in high
encounter group) and between sexes for juveniles (0.01 and 0.1 in high encounter group for males and females,
respectively). Finally, we also simulated a probability of permanent emigration which also differed between sexes
and age classes. This probability was 0 for adult females and was set equal to the adult mortality probability (i.e.,
1-survival) at each occasion for adult males. For juveniles, permanent emigration probability was 0.9 and 0.1 for
males and females, respectively.

Estimation of parameters linked to heterogeneity in live encounter probability was unstable, as evidenced by the
traceplots and posterior distributions of estimates for probabilities of belonging to either encounter group for
adults and to a lesser extent for juveniles (Fig. S5.6). Despite this instability, annual survival estimations for both
adults and juveniles as well as the effect of the mismatch on juvenile survival were close to simulated values
and were all included in the 95% credible intervals of parameter estimates (Figs S5.7 and S5.8).
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Figure S5.6 Trace plots (left, A to N) and density plots (right, O to AB) of parameters linked to heterogeneity in
live encounter probability from the analysis of the simulated dataset (see text). The R-hat statistic and the number

of effective samples (n.eff) are provided in the top left corner of each density plot. The red dashed lines represent
input parameter values.
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Figure S5.6 Trace plots (left, A to N) and density plots (right, O to AB) of parameters linked to heterogeneity in
live encounter probability from the analysis of the simulated dataset (see text). The R-hat statistic and the number

of effective samples (n.eff) are provided in the top left corner of each density plot. The red dashed lines represent
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Figure S5.7 Simulated (red) and estimated (black) values of annual survival for adults (circles) and juvenile
(triangles) from the analysis of the simulated dataset (see text). Error bars are the 95% credible intervals.
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Figure S5.8 Relationship between annual survival probability and the mismatch (differences between hatching
date and date of peak plant quality) from the analysis of the simulated dataset (see text). The black line
represents mean model predictions along with its 95% credible interval (gray shading). The red dotted line
represents the simulated relationship between annual survival and the trophic mismatch.
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Annexe S5.5 — Trace plots and density plots from the analysis of the
real dataset

Figure S5.9 Trace plots (left, A to D) and density plots (right, E to H) of model parameters for the age estimation
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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Figure S5.10 Trace plots (left, A to AH) and density plots (right, Al to BO) of model parameters for the survival
model. The R-hat statistic and the number of effective samples (n.eff) are provided in the top left corner of each
density plot.
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