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AVANT-PROPOS

Cette these de doctorat s’insére dans un programme de recherche visant entre autre a étudier
I’influence des changements globaux sur la biodiversité nordique. Plusieurs travaux initiés dans ce
programme portent spécifiquement sur la reproduction et la migration des oiseaux nichant en

Arctique, des thémes de recherche au cceur du contenu de la these.

La these comporte une introduction générale qui est rédigée en francais, trois chapitres qui sont
rédigés en anglais — la langue d’usage des revues scientifiques visées — et une conclusion
générale, elle aussi rédigée en francais. La thése traite entre autre de facteurs susceptibles
d’influencer la reproduction et la dynamique de population d’oiseaux migrateurs nichant en
Arctique, et aborde des éléments clés de la migration (phénologie, connectivité et route migratoire).
L’introduction de la thése présente d’abord le contexte général et le cadre théorique de 1’étude,
ainsi que les objectifs et les grandes lignes de la méthodologie. Le cumul d’articles pour composer
la these entraine des répétitions d’information. Pour faciliter la lecture du document, les annexes
ainsi que les références ont été rassemblées et placées a la fin de la thése. Deux chapitres de la
thése ont été publiés dans des revues scientifiques avec comité de lecture et le 3¢ chapitre sera
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1. Lamarre J.-F., Legagneux P., Gauthier G., Reed E.T., et Béty J. “Predator-Mediated
Negative Effects of Overabundant Snow Geese on Arctic-Nesting Shorebirds.” Ecosphere
8, no. 5 (May 1, 2017) https://doi.org/10.1002/ecs2.1788.

2. Lamarre, J.-F., Gauthier G., Lanctot R. B., Saalfeld S. T., Love O. P., Reed E. T.,
Johnson O. W., Liebezeit J., McGuire R., Russell M., Nol E., Koloski L., Sanders F.,
McKinnon L., Smith P. A., Flemming S. A., Brown S. C., Lecomte N., Giroux M.-A.,
Bauer S., Emmenegger T., Béty J. “Low migratory connectivity in American Golden-
Plovers breeding across the Nearctic tundra.” (Article a soumettre).

3. Lamarre, J.-F., Gauthier G., Lanctot R. B., Saalfeld S. T., Love O. P., Reed E. T.,
Johnson O. W., Liebezeit J., McGuire R., Russell M., Nol E., Koloski L., Sanders F.,
McKinnon L., Smith P. A., Flemming S. A., Lecomte N., Giroux M.-A., Bauer S.,
Emmenegger T., Béty J. “Timing of Breeding Site Availability Across the North-
American Arctic Partly Determines Spring Migration Schedule in a Long-Distance
Neotropical Migrant.” Frontiers in Ecology and Evolution 9 (October 21, 2021): 710007.
https://doi.org/10.3389/fev0.2021.710007.

X


https://doi.org/10.1002/ecs2.1788
https://doi.org/10.3389/fevo.2021.710007

Des articles complémentaires sont aussi issus en partie de travaux réalisés dans la cadre de cette

these :

1. Duchesne E., Lamarre J.-F., Gauthier G., Berteaux D., Gravel D., et Béty J. “Variable
Strength of Predator-mediated Effects on Species Occurrence in an Arctic Terrestrial
Vertebrate Community.” Ecography 44, no. 8 (August 2021): 1236-48.
https://doi.org/10.1111/ecog.05760.

2. Davidson, S.C., Bohrer G., Gurarie E., LaPoint S., Mahoney P. J., Boelman N. T., Eitel J.
U. H., Lamarre J.-F., et al. “Ecological Insights from Three Decades of Animal
Movement Tracking across a Changing Arctic.” Science, 2020, 7.

3. Weiser E. L., Lanctot R. B., Brown S. C., Gates H. R., Béty J., Boldenow M. L., Brook R.
W., Lamarre J.-F., et al. “Annual Adult Survival Drives Trends in Arctic-Breeding
Shorebirds but Knowledge Gaps in Other Vital Rates Remain.” The Condor 122, no. 3
(September 11, 2020): duaa026. https://doi.org/10.1093/condor/duaa026.

4. Léandri-Breton D.J., Lamarre J.-F., et Béty J. “Seasonal Variation in Migration Strategies
Used to Cross Ecological Barriers in a Nearctic Migrant Wintering in Africa.” Journal of
Avian Biology 50, no. 6 (June 2019). https://doi.org/10.1111/jav.02101.

5. Weiser E. L., Brown S. C., Lanctot R. B., Gates H. R., Abraham K. F., Bentzen R. L.,
Béty J., Lamarre J.-F., et al. “Effects of Environmental Conditions on Reproductive Effort
and Nest Success of Arctic-Breeding Shorebirds.” Ibis 160, no. 3 (July 2018): 608-23.
https://doi.org/10.1111/ibi.12571.

6. Weiser, E. L., Lanctot R. B., Brown S. C., Gates H. R., Bentzen R. L., Béty J., Boldenow
M. L., Lamarre J.-F., et al. “Environmental and Ecological Conditions at Arctic Breeding
Sites Have Limited Effects on True Survival Rates of Adult Shorebirds.” The Auk 135,
no. 1 (January 2018): 29-43. https://doi.org/10.1642/AUK-17-107.1.

7. Weiser, E. L., Brown S. C., Lanctot R. B., Gates H. R., Abraham K. F., Bentzen R. L.,
Béty J., Lamarre J.-F., et al. “Life-History Tradeoffs Revealed by Seasonal Declines in

Reproductive Traits of Arctic-Breeding Shorebirds.” Journal of Avian Biology 49, no. 2
(February 2018): jav-01531. https://doi.org/10.1111/jav.01531.

8. Weiser, E. L., Lanctot R. B., Brown S. C., Alves J. A., Battley P. F., Bentzen R. L., Béty
J., Lamarre J.-F., et al. “Effects of Geolocators on Hatching Success, Return Rates,
Breeding Movements, and Change in Body Mass in 16 Species of Arctic-Breeding
Shorebirds.” Movement Ecology 4 (2016): 12. https://doi.org/10.1186/s40462-016-0077-6.

9. Bulla M., Valcu M., Dokter A. M., Dondua A. G., Kosztolanyi A., Rutten A. L., Helm B.,
Lamarre J.-F., et al. “Unexpected Diversity in Socially Synchronized Rhythms of
Shorebirds.” Nature 540, no. 7631 (November 23, 2016): 109—13.
https://doi.org/10.1038/nature20563.


https://doi.org/10.1111/ecog.05760
https://doi.org/10.1093/condor/duaa026
https://doi.org/10.1111/jav.02101
https://doi.org/10.1111/ibi.12571
https://doi.org/10.1642/AUK-17-107.1
https://doi.org/10.1111/jav.01531
https://doi.org/10.1186/s40462-016-0077-6
https://doi.org/10.1038/nature20563

10. Lewis L. R., Behling E., Gousse H., Qian E., Elphick C. S., Lamarre J.-F., Béty J.,
Liebezeit J., Rozzi R., et Goffinet B.. “First Evidence of Bryophyte Diaspores in the
Plumage of Transequatorial Migrant Birds.” PeerJ 2 (2014): e424.

11. Klima J., Ballantyne K., Perz J., Johnson A. S., Jackson J. A., Lamarre J.-F., et McKinnon
L.. “North American Longevity Records for American Golden-Plover Pluvialis Dominica
and Whimbrel Numenius Phaeopus from Churchill, Manitoba, Canada.” Wader Study
Group Bulletin 120, no. 2 (2013): 134.

xi



TABLE DES MATIERES

REMERCIEMENTS ...ttt ettt st be sttt besbesbeeneeneenea vii
DEDICACE .......ceuiiieiireesseeeseeessess sttt viii
AVANT-PROPOS ...ttt ettt ettt ettt st et et etesbesbesaens ix
LISTE DES FIGURES ......cutitiiiette ettt sttt ettt eneas XV
LISTE DES TABLEAUX ..ottt sttt ettt be st e enes Xix
RESUME ...ttt XX
ABSTRACT ..ottt ettt et e st e et esate e beessbeenbeesabeenbeeesseenseessseenseassseenseennsennne XXii
INTRODUCTION GENERALE........coouuiiiuiimiimteissiseeesessseessesssesesss st esssssssesssseens 1
0.1 Contexte et cadre thEOTIQUE .........eevuieiiieiieiie ettt ettt ste et e e beesabeesseesenes 1
0.1.1 Changements SlODAUX ..........cciiiiriiriiiieiieeee ettt st 1
0.1.2 Impact des changements globaux sur 1a biodiversité............cccceevviieriieniienienieeieeieeeene 1
0.1.3 Mécanismes qui menent aux changements d’abondance des eSpeces ..........ccceeveerveennenn. 2
0.1.4 Spécificité des animauX MIGLALEULS .......cceeerrierreerieerieertienieeieesteeteesaeenseesseenseessesnseens 4
0.2 Ecol0gie dES MIGIAIEUTS............ovveeeeeeeeeeeeeeeeeeeeseeeeeese e seesee s seseese s ese s sseseeseseeseeseseenesnaees 5
0.2.1 Migration €t CYCIE A VIC......evuiiiiriiiiiiieiiieieeiect ettt s 5
0.2.2  CoNNECHIVILE MIZTALOITE......eeeereerieriieeieerieeteesteeteeseteeteesseeeseessseenseessaeesaessseeseessnesnseens 6
0.2.3 Phénologie de 1a MIration.........ccceueiiiierieeiiienieeieeeeeeiteeee ettt e eaeeteesaaeebeeseaeenseens 9
0.2.4 L’importance de la synchronie et des effets reportés........cocuevvvierieriienieniieenieeieeeeee. 11
0.2.5 Interactions trophiques indirectes et cascade spatiale............cooerveereerierieneenenienennne 12
0.3 SYStEME A’ ETUAC ... ceuiieiiieiieeiieee ettt ettt et e et e et e et e et e enbeebeesabeeseesaseenne 14
0.3.1 Especes MIgratriCes CIDIES. ......couiruiriirieriiiieriieieeiereee et 14
0.3.2 Données spatio-temporelles de la migration des limicoles...........coocueevueeriienienireneennee. 17
0.3.3 Aire de reproduction des pluviers et écosystéme a I’étude..........ceecvvevieniienieniieneennen. 18
0.3.4 Données environnementales de 1’aire de reproduction .............ecceeeeveevienieeneenieenneenen. 19
0.4 ODbjectifs de 1a thESE.....ccueiiiieiieie ettt ettt et e 19
0.5 POItEE de IEIUAE ....eoveeiieiiiieiieeeee ettt sttt et st et 21
CHAPITRE 1 EFFETS NEGATIFS INDIRECTS DE LA SURABONDANCE DES OIES DES
NEIGES SUR LES OISEAUX DE RIVAGE VIA LA PREDATION DANS L’ARCTIQUE.....22
LT RESUIME ...ttt bbbt bt a e st e st n et e b et e st e ebeebeeneene e 23
1.2 RESUME €N ANEIALS ..eouvieeiiieiiiiiieiie ettt ettt et e te et e st e ebeesabe e bt essaeenseesnseenseessseenseens 23
1.3 IEOAUCTION. ...ttt ettt st ettt e bt et sbe e bt et et e bt et e ebaenes 24
L4 MELROMS ...ttt sttt ettt b et ettt ettt b et eaeenaes 27

Xii



LT STUAY STEE ..eeiiiiiieeiieetieeite ettt ettt ettt et et e et e e teeeebeesseeesbeenseessbeenseesnbeenseesnseenseeannas 27

142 LemMming denSity......cccoeciiiieiieeiieeie et eeee et e stte et e it e eteeteesbeesaeesbeeseesnseenseesnseenseennnas 28
1.4.3 Spatial variation in the occurrence of nesting shorebirds and nest predators.................. 29
1.4.4  Predation TISK .o...ooeiiiiiiieiec ettt 30
1.4.5  Statistical @NAlYSES .....ceccvieiiieiiieiieeie ettt ettt ettt et e aeeennas 30
L5 RESUIES .ottt sttt et sttt et s a e bt et e h ettt et b et e aes 31
1.5.1 Lemming density and nest predator OCCUITENCE. .......c.eeevieruieeiieeniieeieeiie e eiee e eaee e 31
1.5.2 Nest predation TISK ....ooiiiiiiiciee ettt et 35
1.5.3 Nesting PlOVET OCCUITEIICE. .......ccvieruieeiieiieeiieeie et esieeereesieesteenteeeebeenseessseeseesnseeseesnnas 37
1.6 DISCUSSION ...ttt ettt ettt ettt ettt sb ettt e st e et eate s bt et e e st e sae e bt eateebee bt eateeseenbeentesaeeees 37
1.7 ACKNOWIEAZMENLS .....uiiiiiiiiiiiiieiie ettt ettt ettt e e e st e e bt e s saeenbeesaaeenbeesnseenseens 41

CHAPITRE 2 FAIBLE CONNECTIVITE MIGRATOIRE ET HALTES MIGRATOIRES
IMPORTANTES CHEZ LES PLUVIERS BRONZES SE REPRODUISANT DANS LA

TOUNDRA NEARCTIQUE ...ttt ees e ees e seeseseeeesaens 42
2.1 RESUIME ...ttt ettt h et h ettt e et e s b e e bt ebeeseent e st e benbenbesbesneeneenea 43
2.2 ADSITACT ..ottt a et b et et b et ea e e bt et aneas 44
2.3 INETOAUCTION. .c..titieteiiieeiteie ettt ettt sb et s a ettt s bt e bt et e e bt e s bt et e sbeesbeentesanenas 45
2.4 MEROMS ...ttt b et et b ettt et nas 46
2.4.1 Capturing and marking PLOVETS ..........cecuirriieriieiieeiierie ettt ettt esee e ene 46
2.4.2 Processing Geolocator Data...........cccueecuieiiieiiieiie ettt 47
2.4.3 INON-DIEEAING STLE USC...evreeriereieeiieriieeiienieeiteertieeteesreesseessteeseessaeeseessseesseesssesnseessseenns 48
2.4.4 Quantitative measure of Migratory CONNECHIVILY .......cccveeruierireruienieeiieeieeiiesreeeeeseeeenne 49
2.4.5 EthiCS STATEIMENL .....eeiuiiiiieeiieiiieeieeeite ettt ettt e et estee e bt estteebeessaeebeessaeenseessseenseensseenns 51
2.5 RESUILS ..ottt b et b et e h e bttt ea e bt et as 51
2.5.1 INON-DIEEAING STLE USC...cuvreerieruireiieriieeiieniieeiteertteeteesteesseessteeseessaeeseessseaseesssesnseessseenns 51
2.5.2  MiGratory CONMECLIVILY ....eeeitieriieeiieiiieetieeie et eeiteettesiteeteestteebeessaeeseesaaeenseessseenseensseenns 53
2.0 DISCUSSION ...eueteiienteeitesttete ettt ettt st ettt eb e e bt et e ss e e bt e st e s bt e nbeeabe s bt e bt esbeestenbeenseeseenbeentesaneaes 58
2.6.1 Migratory routes and NoN-breeding SItES..........evvueeruierieriieniieiieeie e 58
2.6.2 Quantitative measure of Migratory CONNECHIVILY .......cccueeruierireruienieeiieeieeieeereeeeeseeeenne 59
2.7 FUNAING ..ottt ettt ettt et e st e bt e e et e e bt e ssseensaesabeenseassseenseessseenseessseenseens 61
2.8 ACKNOWIEAZEMENLS. .....eotiiiiiiiiiecie ettt ettt ettt esabe e bt eseaeebeesebeenseassseenseens 61

CHAPITRE 3 LA DISPONIBILITE DES SITES DE REPRODUCTION DANS L'ARCTIQUE
NORD-AMERICAIN DETERMINE EN PARTIE LA PHENOLOGIE DE LA MIGRATION

PRINTANIERE CHEZ UN MIGRANT NEOTROPICAL A LONGUE DISTANCE................. 63
3.1 RESUIME ..o e s s, 64
3.2 ADSITACT...eei ettt e e e e e e et e e e e —a e e e ee—ateeeeaaaaeeeetrraeeeearaeeaans 65
3.3 INTOAUCTION. ....eiiiiiiiiee ettt et e e e e e et e e e eeae e e e eeaaeeeeeeaaaeeeeenaseeeeeeaseeeeeesareeeens 66

xiii



3.4 Materials and METNOAS .....ooovvviiiiiiiieieeeieieeeee ettt ettt e e e e e e e e e e e eeeeeees 70

3.4.1 Capturing and Marking PIOVETS ........cccooriiiiiiiiiiiiieiieee et 70

3.4.2 Processing Geolocator Data ..........cceeviiiiiiiiiiieiieeie ettt 71

3.4.3 Migration Parameters ........c.eeiuieiiieiiieeiieiiie et et e steeiteete et e see et e sae bt e ssaeeteeenbeenseennnas 72

3.4.4 Breeding Parameters .........c.oooiiiiieiiiiiieiieeie ettt ettt e eneas 72

3.4.5 Breeding Site AVailability ........cccieiiiiiiiiiiiiiieiee e 73

34,0 ANALYSIS..uiiiiieiiiieiie ettt ettt et e e bt e e e e teeeaaeebeeetbeeteeenbeenneannnas 73
3.5 RESUILS. .ttt et ettt ettt et sh e bt et nae et 74
3.6 DISCUSSION ...cutiiientieiteeitete ettt ettt ettt ettt ettt sb e bt ea e s bt e bt esbesb e et e sate e bt et e eabesbeenaeeatenneenbeas 76
3.7 Data Availability StatemeNt..........cccieriieiiiiiieeiieeie ettt ettt ene 78
3.8 EthiCs STAtCIMENL ....coueiiiiiiiiiiiiiieiceteet ettt sttt sttt b e et s bt e b eaae i et 79
3.9 AUthOT CONEITDULIONS ....ouviiiiiiiiiieiieeiieie ettt ettt st e b et saeenaeeaaesae et 79
BULOFUNAING ...ttt ettt ettt et e e b e e beeeab e e seeenbeeseeenbeenseeenbeeseeenseenne 79
311 CONTTICE OF TNEET@ST .. ..euieeiiiieeiieteeteeit ettt sttt sttt st e b saae bt 80
3.12 ACKNOWIEAGMENLS ..ottt ettt ettt ettt e e bt e st e e beesnbeeseeenseenne 81
CHAPITRE 4 CONCLUSION. ..ottt sttt ettt ettt ettt ettt et e be st sbesne st enene 82
4.1 COMNEXEE ...ttt ettt ettt et e s bttt e s bt et e e bt et e sat e et e esbt e e beesan e e bt e naeeereen 82
4.2 Originalité de IPEtUAR .......oooiiiiiiiii ettt ettt ettt e s enee 82
4.3 RESUIALS PIINCIPAUX....eietieeiiieiieeieetieeteeieeeieestteseteeteessteesseassseesaessseenseesssesseessseenseesssesnseens 84
4.4 Limites de 1a 1€Cherche ........cooiiiiiiiiii e 86
4.5 Perspectives de T€ChETCRE .........oiiiiiiiiiiieiiece e 87
ANNEXE A INFORMATION SUPPLEMENTAIRE DU CHAPITRE 1 ..o, 91
ANNEXE B INFORMATION SUPPLEMENTAIRE DU CHAPITRE 2 ..., 94
ANNEXE C INFORMATION SUPPLEMENTAIRE DU CHAPITRE 3 ..o, 99
REFERENCES .....ccooouitmtitneiteeeseeis sttt 101

Xiv



LISTE DES FIGURES

Figure 0.1 Scénarios de déclins de la biodiversité (terrestre et d’eau douce) liés a différents
degrés d’intensité de changement climatique (IPCC, 2022) d’ici 2100 par rapport a la période
PIEINAUSTIICIIC. ..ot ettt e et e e e e eesbeesabeeseeease e 2

Figure 0.2 Facteurs contribuant a I’extinction d’une espece (Adapté de Cardoso et al., 2020 ;
Dirzo €f AL, 2014). ..ooeoeeeeeeeeeeeeee ettt et e et e e ra e e be e e eaaaeenaraeea 3

Figure 0.3 Tendance des températures printaniéres (mars a mai) de ’air de surface entre 1960
et 2020 pour I’hémispheére nord (GISTEMP Team, 2021). L’enveloppe approximative (en
bleu pale) des localisations de la grue du Canada (grus canadensis), sous population Ouest-
Alaska—Sibérie, sont illustrées (Krapu ef al., 2011).....ccccoeviiiiiiiiiiiiiieceeeee e 5

Figure 0.4 Représentations schématiques des deux cas de figures les plus extrémes de la
connectivité migratoire (Adapté de Boulet et Norris, 2000). ........ccceeeeiierieeiiienieiiieiieeieeieens 7

Figure 0.5 Description théorique des composantes spatiales et temporelles de la connectivité
migratoire. La connectivité spatiale et la connectivité temporelle se combinent pour créer une
connectivité migratoire forte (séparation des populations reproductrices) lorsque 1’une ou les
deux sont fortes. L’échelle indiquée va de faible (0) a forte (1), mais des valeurs négatives
sont possibles (jusqu’a -1) si les individus des populations reproductrices sont plus éloignés
qu’au hasard pendant la migration. Les cercles opaques représentent les zones de reproduction
de trois populations distinctes d’une espéce migratrice, les cercles transparents représentent
un lieu d’arrét migratoire et les points représentent les localisations des individus de chaque
population reproductrice entreprenant la migration (tiré et adapté de Knight et al., 2021).....9

Figure 0.6 lustration d’une interaction indirecte (compétition apparente) entre deux especes
de proies et une espece de prédateur; les fleches numérotées représentent 1) 1’augmentation
de I’abondance de la proie a, 2) ’augmentation de I’abondance d’un prédateur commun en
réponse a I’augmentation de la proie a et 3) la réduction subséquente de 1’abondance de la
PIOIE P. ittt ettt et ettt e st e et e e e tt e e bt e e ab e e beeenbeenbeesab e et eeenbe e bt e esbeenteeeabeenbeennbeensaans 13

Figure 0.7 Exemple de migration de deux espéces d’oiseaux qui nichent en sympatrie et
interagissent seulement durant la période de reproduction. Le faucon gerfaut (Falco rusticolus,
en mauve) est un prédateur du traquet motteux (Oenanthe oenanthe, en orange) en été, mais

ces deux espéces migrent vers des continents différents pour y passer I’hiver...................... 14
Figure 0.8 Pluvier bronzé (Pluvialis dominica) durant I’initiation de la nidification sur 1’ile
BYL0t, NUNAVUL. ..ottt st ettt et ettt st e st ete e enes 15
Figure 0.9 Aire de répartition du Pluvier bronz¢ (Pluvialis dominica) durant la reproduction
(orangg) et I’hivernage (bleu) (adapté de : Johnson ef al., 20202). ........cccvvevveerrrenrrenirennnnne 17
Figure 0.10 Emplacement de I’ile Bylot, au Nunavut (2 gauche), délimitation de la zone
caractérisée par une forte densité d’oiseaux migrateurs nicheurs (a droite). ...........ccceeunee.e. 19

XV



Figure 0.11  Carte des sites d’études utilisés (triangles) afin d’atteindre les objectifs des chapitres
2 et 3. L’aire de reproduction du Pluvier bronz¢ présenté en orangé¢ (adapté de : Johnson et al.,
2020@).  ceeeeeete ettt bt h e st a e a et et et e bt bt heen e e st et et et et e beebe bt st eneenes 20

Figure 1.1 Food web of the study system indicating the direct (solid lines) and indirect (dashed
lines) links. The main trophic link targeted in this study is indicated by the question mark. 26

Figure 1.2 Location of the study area and survey transects performed within and in the
surroundings of the greater snow goose colony on Bylot Island in the Canadian High Arctic
(satellite image from NASA MODIS Rapid Response).........cceecveeruieriieniienieeiienieeieeene 28

Figure 1.3 Frequency of occurrence (probability to observe at least one individual) on transects
(a) by year (2010-2015) and (b) split by level of lemming density with error bars representing
95% confidence intervals of the four nest predators shared between shorebirds and snow geese.
Occurrence of all three avian predator species combined is also presented. ..............cc........ 32

Figure 1.4 Occurrence of Arctic fox (a) and of avian predators (b), artificial nest predation rate
(c), and occurrence of nesting American Golden-Plovers (d) on transects according to the
distance from the centroid of the goose colony and lemming density. The black and gray lines
represent the fit of models, based on model averaging for high and low lemming density,
respectively, and dotted lines are 95% CI. Black and gray bubbles represent mean proportions
for high and low lemming density, respectively, and the size of the bubble is proportional to
log (N). The mean across years of the maximum extent of the goose colony boundary is
indicated by the solid vertical line. The vertical dashed lines were obtained from a
segmentation analysis (Lavielle 1999, 2005, see 1.4.5 Statistical analyses). The horizontal
dashed lines represent the mean occurrence above and below the breakpoint. ..................... 34

Figure 2.1 A) Picture of a breeding American Golden-Plover (Pluvialis dominica) marked with
geolocator (right tibiotarsus) metal band and other plastic bands. Photo credit Josée-Anne Otis.
B) Map of the American Golden-Plover breeding range (orange; based on Johnson et al.,
2020a) showing the locations of banding sites (circles) distributed across the breeding range.

Figure 2.2 Tracklines and kernel density estimate (75%) for non-breeding sites used by
American Golden-Plovers tracked with geolocators. Only individuals with near complete
tracks (n = 33) were used for the analysis. Kernels were post processed with a land mask to
retain terrestrial areas of interest. Individuals were marked at 8 breeding areas (black triangles)
spread over the entire breeding range. ..........occevvieiiieriieiienii e 54

Figure 2.3 Timeline of the non-breeding period for American Golden-Plovers tracked with
geolocators and marked in 8 breeding populations (indicated on the y-axis with suffix
indicating plover number at given site. Vertical dashed lines indicate the periods associated
to less reliable locations (i.e, obtained 15 days before and after the equinoxes). Individuals
tracked over more than one annual cycle at Bylot Island are identified with letters (e.g. 1A,
1B). Individuals (n=33) used for descriptive statistics of migration, kernel density estimation
and temporal variation in the Mantel coefficient are highlighted in bold..............c..cccc....... 55

xvi



Figure 2.4.  Spatial structure of migrating American Golden-Plovers (Pluvialis dominica;
n =33 individuals) through time. A) Non-breeding range spread and population spread
(average distance observed between individuals) through time (black: all populations
combined) and and population spread for specific breeding populations (dark blue: Bylot
Island, light blue: Igloolik, green: Churchill. Orange: Alaskan populations).B) Temporal
variation in the Mantel coefficient (rm + Confidence Interval 95%). Dates with positive rv are
in red (9999 permutations, one-tailed test, p<0.05), indicating that individuals breeding close
to each other are nearer on @ GIVEN daY. .......ceecuiiiiieiiieniieieeee e 57

Figure 3.1 American Golden-Plover breeding range (orange; based on Johnson et al., 2020a),
non-breeding (wintering) area (blue polygon) and last shared spring stopover area (green
polygon with yellow stripes) located in nearctic temperate grasslands of the Midwestern
United States (mostly South Dakota, Nebraska, and Kansas). Wintering and shared stopover
areas were defined with Kernel density estimation (75%) based on locations of individuals
marked with light-level geolocators (n = 23; black lines illustrate individual tracks). Purple
dashed lines represent straight lines between last location obtained for an individual and its
breeding location. Birds were captured and marked at study areas (triangles) distributed across
the Dreeding TANZE. .....oocviiiiieiiecie ettt ettt et e et e et e st e e b e enbeeseeenneenne 69

Figure 3.2 Breeding American Golden-Plover equipped with leg bands and a geolocator (left
tibiotarsus). Photos by Andréanne Beardsell (left) and Felicia Sanders (right)..................... 71

Figure 3.3 Relationships between timing of breeding site availability (mean snow-free date)
and (A) departure date from the non-breeding (wintering) area, (B) arrival or (C) departure
date from the last shared stopover site in the nearctic temperate grasslands of the Midwestern
United States in tundra nesting American Golden-plover. To help visualize geographical
relationships, axes were transposed. Colors indicate the onset of incubation for each individual
(n = 23). A slight neutral offset was added to overlapping points to facilitate interpretation.
Day 1 = January 1st. “*” signifies an outlier (Grubb’s test, p < 0.05, see section “Materials
ANA MEROAS™). ..eeiieiiieeee e et e e et e e eta e e e etr e e e eaaeeeteeeeaeeesaneeenaneeen 75

Figure A.0.1 Boundaries of the snow goose colony from 2010 to 2015. The centroid is
indicated by the aSteriSK. ........cocuiiiiiiiiieiie e 91

Figure A.0.2 Sum of collared lemmings (Dicrostonyx groenlandicus) and brown lemmings
(Lemmus sibiricus) densities per year obtained by mark-recapture and averaged across
trapping grid habitat (humid and mesic). Threshold used to categorise the densities are
indicated by dotted lines (High lemming abundance > 6 lemming per hectare, Low lemming
abundance < 2.5 lemming Per NECTAre.........c.cecvieiuieriieiiierie ettt 92

Figure A.0.3 Relationships between the proportion of transect with nesting American Golden-
Plover (Pluvialis dominica) on transects with other shorebird species (a) diversity and (b)
abundance (excluding American Golden-Plovers). Other shorebird species are mostly
represented by the Baird’s sandpiper (Calidris bairdii), the white-rumped sandpiper (Calidris
fuscicollis), the black-bellied plover (Pluvialis squatarola) and the red phalarope (Phalaropus
fulicarius) (91% of observation) with few sightings of pectoral sandpipers (Calidris
melanotos), red knots (Calidris canutus), common-ringed plovers (Charadrius hiaticula),

Xvil



buff-breasted sandpipers (Tryngites subruficollis), and ruddy turnstones (Arenaria interpres).
The lines represent the fit of the model and dotted lines are 95% CIL. ........ccccevevieniiniennenne. 93

Figure B.1 Inter-annual variation in spatial structure of migrating and wintering American
Golden-Plovers through time.. Left column: Temporal variation in the Mantel coefficient (rm
+ Confidence Interval 95%). Dates with positive rv are in red (9999 permutations, one-tailed
test, p<0.05). Right column: non-breeding range spread (variation in average distances
between individuals through time). A and B: for all years combined (n=33 individuals,
positive rv observed for a total of 26 out of 119 days (22%), C and D: for the 2012-2013 non-
breeding season (n=9 individuals, positive rv observed for a total of 0 out of 162 days (0%),
E and F: for the 2013-2014 non-breeding season (n=9 individuals, positive ry observed for a
total of 22 out of 163 days (13%), G and H: for the 2014-2015 non-breeding season (n=10
individuals, positive rv, observed for a total of 28 out of 179 days (16%). .....ccceevveeirennnne. 96

Figure B.2  Spatial structure of migrating and wintering American Golden-Plovers through time
using a group of 20 individuals that were regularly located at the same dates over most of the
non-breeding period. A) Temporal variation in the Mantel coefficient (rm + Confidence
Interval 95%). Dates with significant (p<0.05) rv are in red (9999 permutations), B)
[Nlustration of the non-breeding range spread (variation in average distances between
individuals through time) (black: all populations combined) and population spread for specific
breeding populations (dark blue: Bylot Island, light blue: Igloolik, green: Churchill. Orange:
Alaskan POPUIALIONS). .....ceviieiiiiiieiieie ettt et e et e et sabeebee s b e eseeenseenne 97

Figure B.3  Consistency in space and time (i.e., how repeatable migration is within one
individual) illustrated using great circle distances between locations of individual American
Golden-Plovers (n=3) obtained during two different annual cycles. Loggers compared are, as
named in Figure 2.3: Bylot Island 2A and 2B (257 days, blue line), Bylot Island 3A and 3B
(241 days, green line) and Bylot Island 4A and 4C (246 days, red line). Considering a
geolocator error of ~200km for each location (Lisovski et al., 2020), respectively~ 60% 55%
and 32% of the daily locations were below a threshold of 400 km (horizontal dashed line).
Individuals were especially consistent in space and time from Mid-November to Mid-January,
and greater distances were observed during the fall and early spring migration. less reliable
periods are indicated with vertical dashed lines (red: 15 days before and after the equinoxes-
DIACK).  ooeiiei et tb e et e e et e e e aa e e e taeeebeeeeaaeeeareeenareas 98

Figure C.0.1 Relationships between timing of breeding site availability (mean snow-free date
at individual nesting location between 2001 and 2015) and individual departure date from the
last shared stopover site in the nearctic temperate grasslands of the Midwestern USA in tundra
nesting American Golden-Plover. Black dashed line represents the fit of the mixed effect
model for all individuals (n=19). Relationship obtained for each year separately (random
intercept) are also illustrated (2013: n=7; in green, 2014: n=6; in dark blue, 2015: n=6; in light
blue). To help visualize geographical relationships, axes have been transposed. A slight
neutral offset was added to overlapping points to facilitate interpretation. Day 1 = January 1%

XViii



LISTE DES TABLEAUX

Table 1.1  Model selection of the effects of lemming (LEM; years categorized as high or low
lemming density), distance from the centroid of the goose (DIST), and two-way interactions
on (a) Arctic fox and (b) avian predator occurrence along transects (n observations = 1242
from 267 different transects used as a random factor)>2>3 . ..........ccoovviiiiieiiieee e 33

Table 1.2 Model selection of the effects of lemming density (LEM; years categorized as high or
low lemming density), distance from the centroid of the goose colony (DIST), and two-way
interactions on (a) the risk of predation on artificial nests (n =911, deployed on 245 different
transects used as a random factor) and (b) probability of observing nesting American Golden-
Plovers along transects (n observations = 1242 from 267 transects used as a random factor)*>-6.

.................................................................................................................................... 36
Table B.1 Number of geolocators deployed on American Golden-Plovers (Pluvialis dominica)
and retrieved at different field sites between 2009 and 2016..........cccceevverienenneniinenniennenne. 94

Table B.2 Number of individuals that stopped at 18 nonbreeding sites used by American Golden-
Plovers (n= 33) originating from 8 breeding populations spread across the species’ breeding
range (see Figure 2). Only information from individuals with near-complete annual migratory
path are included. Green cells have at least one individual from a breeding area stopping at a
ZIVETL SEOPOVET STEC. ...uveutientieitentieieeite sttt ettt et eateebt e bt et sbe e bt et saee bt eabesbte bt enbeseeenbeentesaeenees 95

Table C.0.1 Intercept (+ SE) of the relationships between timing of breeding site availability
(mean snow-free date at individual nesting location between 2001 and 2015) and individual
departure date from the last shared stopover site in the nearctic temperate grasslands of the
Midwestern USA in tundra nesting American Golden-plover for years with more than 5
individuals represented. Intercept coefficient (o) extracted from the mixed effect model
illustrated in FIGUIE Cl....c.ioiiiiiiieiieii ettt ettt ettt e e e e ensae s 100

Xix



RESUME

Les changements globaux s’accélérerent et bouleversent le monde du vivant. Ces changements ont
des répercussions sur I’abondance et la répartition de plusieurs especes, en particulier les espéces
migratrices. Les animaux migrateurs ont des particularités dont il faut tenir compte pour espérer
identifier les facteurs responsables des changements d’effectifs de population. Ils utilisent souvent
de grandes étendues spatiales durant leur cycle de vie annuel et fréquentent différents types
d’habitats le long de leur corridor de migration. Ainsi, ils vont s’insérer temporairement dans des
communautés écologiques distantes qui sont soumises a des changements de nature et d’intensité
différentes.

L’étude des relations trophiques indirectes, de la connectivité migratoire et des interactions
saisonniéres est importante afin d’améliorer notre compréhension de la dynamique de population
des especes migratrices et pour mettre en place des mesures de conservation adéquates. Ces trois
concepts demeurent néanmoins peu étudiés chez la majorité des migrateurs. Cette thése aborde ces
thémes en utilisant les oiseaux de rivage (limicoles) comme mode¢le d’étude. Les limicoles sont un
groupe d’oiseaux migrateurs présentant de grands défis de conservation. Au Canada, prés de 80 %
des populations sont en déclin dont les causes restent incertaines et probablement multiples.
Plusieurs espéces de limicoles nichent dans I’ Arctique, ou les changements climatiques sont trés
marqués.

Les thémes abordés dans cette thése portent principalement sur la reproduction et la migration
d’une espéce de limicole nichant dans I’ Arctique, le Pluvier bronzé (Pluvialis dominica).

Les objectifs spécifiques de la theése sont de :

1- Quantifier la relation trophique indirecte entre des especes de proies migratrices
durant leur reproduction dans un écosystéme arctique (oies des neiges (Anser
caerulescens) et limicoles).

2- Décrire 1’utilisation de 1’espace et quantifier la connectivité migratoire a
1'échelle de l'aire de répartition des Pluviers bronzés en considérant a la fois le
temps et I'espace.

3- Relier la phénologie de la migration des individus avec la phénologie de la
disponibilité de leur habitat de reproduction chez le Pluvier bronzé.

Dans le premier chapitre, nous avons constaté qu’une colonie d’oies avait une forte influence sur
la répartition spatiale des prédateurs et oiseaux de rivage. La présence de prédateurs de nids
diminuait, tandis que la présence de pluviers bronzés nicheurs augmentait avec la distance a la
colonie d’oies. De plus, le risque de prédation des nids de limicoles diminuait avec la distance a la
colonie. La densité des lemmings, proies fortement consommeées par les prédateurs, modulait la
force de ces effets indirects. Les oies affectent donc négativement les oiseaux de rivage via le
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partage de prédateurs communs. Dans le deuxiéme chapitre, le suivi de Pluviers bronzés pendant
leur cycle annuel nous a permis de conclure que la connectivité migratoire est relativement faible
chez cette espéce, puisque les individus provenant de sites de reproduction éloignés se retrouvent
dans les mémes secteurs pendant la majeure partie de la période non reproductrice. Ceci suggere
que les populations reproductrices devraient étre touchées de facon similaire par des perturbations
ou changements survenant sur plusieurs haltes migratoires et aires d’hivernage communes. Le
troisieme chapitre montre que la phénologie de la dernicre partie de la migration printaniere est
reliée a la phénologie moyenne de la fonte de la neige sur les sites de reproduction des Pluviers
bronzés, plutot qu'a la distance de migration restante pour rejoindre le site de reproduction ou la
durée d'arrét a la halte migratoire. Cela supporte I’hypothése qu’une partie du calendrier migratoire
des individus est adaptée a la phénologie de la disponibilité des sites de reproduction.

Globalement, nos travaux démontrent que des changements qui s’opérent dans des écosystémes
distants peuvent entrainer des cascades spatiales via des interactions trophiques indirectes entre des
espeéces migratrices se reproduisant en sympatrie dans I’Arctique. De plus, des changements
survenant a des moments et des endroits trés spécifiques peuvent avoir des effets sur toutes les
populations reproductrices d’une espéce ayant une vaste répartition géographique. Finalement, le
réchauffement climatique pourrait causer une pression de sélection trés variable sur le calendrier
de migration d’oiseaux qui partagent les mémes haltes migratoires. Globalement, nos résultats
contribuent a améliorer notre capacité a expliquer et prévoir I’effet des changements globaux sur
les espéces migratrices.

Mots clés : Interactions indirectes, migration, connectivité migratoire, phénologie, oiseau de rivage
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ABSTRACT

Global changes are acceleratating and disrupt the living world. These major climatic and
environmental changes have repercussions on the abundance and distribution of several species,
especially migratory species. Migratory animals have particularities that must be taken into account
in order to hope to identify the factors responsible for changes in population numbers. They often
use large spatial areas during their annual life cycle and frequent different types of habitats along
their migration corridor. Thus, they will temporarily fit into distant ecological communities that
are subject to changes of different nature and intensity.

The study of indirect trophic relationships, migratory connectivity and seasonal interactions is
important to improve our understanding of the population dynamics of migratory species and to
put in place adequate conservation measures. However, these three concepts remain little studied
in the majority of migrants. This thesis addresses these themes using shorebirds (waders) as a study
model. Shorebirds are a group of migratory birds presenting great conservation challenges. In
Canada, nearly 80% of populations are in decline, the causes of which remain uncertain and
probably multiple. Several species of waders nest in the Arctic, where climate change is acute.

The topics addressed in this thesis relate mainly to the reproduction and migration of a shorebird
species nesting in the Arctic, the American Golden-Plover (Pluvialis dominica).

The specific objectives of the thesis are to:

I- Quantify the indirect trophic relationship between migratory prey species during
their reproduction in an arctic ecosystem (snow geese [Anser caerulescens] and
waders, particularly the American Golden-Plover).

2- Describe spatial use and quantify migratory connectivity across the breeding range
American Golden-Plovers, considering both time and space.

3- Link the phenology of the migration of individuals with the phenology of the availability of their
breeding habitat in American Golden Plover.

In the first chapter, we found that a colony of geese had a strong influence on the spatial distribution
of predators and shorebirds. The presence of nest predators decreased, while the presence of nesting
American Golden-Plovers increased with distance from the goose colony. In addition, the risk of
shorebirds nest predation decreased with distance from the colony. The density of lemmings, prey
highly consumed by predators, modulated the strength of these indirect effects. Geese therefore
negatively affect shorebirds through the sharing of common predators. In the second chapter, the
monitoring of American Golden-Plovers during their annual cycle allowed us to conclude that the
migratory connectivity is relatively low in this species because individuals coming from
geographically separated breeding site were found in the same areas during most of the non-
breeding period. This suggests that breeding populations should be similarly affected by
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disturbances or changes occurring at several common stopover and wintering areas. The third
chapter demonstrates that the phenology of the latter part of the spring migration is related to the
average snowmelt phenology at American Golden-Plover breeding sites, rather than to the
remaining distance to reach their breeding site or to the duration of the stopover site. This supports
the hypothesis that part of the migratory calendar of individuals is adapted to the phenology of the
availability of breeding sites.

Overall, this work demonstrates that changes in distant ecosystems can drive spatial cascades via
indirect trophic interactions between sympatrically breeding migratory species in the Arctic. In
addition, changes occurring at very specific times and places can affect all breeding populations of
a species with a wide geographic distribution. Finally, global warming could cause highly variable
selection pressure on the migration schedule of birds that share the same migratory stopovers.
Overall, our results contribute to improving our ability to explain and predict the effect of global
changes on migratory species.

Keywords: Indirect interactions, migration, migratory connectivity, phenology, shorebird
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INTRODUCTION GENERALE

0.1 Contexte et cadre théorique
0.1.1 Changements globaux

Les changements globaux représentent les modifications climatiques et environnementales
majeures qui surviennent sur toute la planéte depuis les dernic¢res décennies, et qui sont causées par
I’intensification des activités humaines comme le développement d’infrastructures et la conversion
d’écosystemes sur des surfaces importantes (Pyhild et al., 2016 ; Sage, 2020 ; Vitousek, 1994).
Des changements majeurs sont déja survenus a 1’échelle de la planéte mais la vitesse actuelle des
changements génere des altérations de la biodiversité qui sont comparables aux cinq autres
extinctions massives antérieures (Barnosky ef al., 2011). Cette situation a incité les scientifiques a
qualifier notre eére d’anthropoceéne, une ére marquée par une empreinte humaine majeure (Barnosky

etal.,2011).

0.1.2 Impact des changements globaux sur la biodiversité

Les organismes ont besoin de certaines conditions (p. ex. température, pH, humidité, salinité,
espace) et de ressources (p. ex. lumiere, eau, oxygene, gaz carbonique, proies) afin de compléter
leur cycle de vie, ce qui correspond au concept de niche écologique (Begon et al., 2006). Les
changements globaux peuvent avoir des effets marqués sur la répartition spatiale et I’abondance
des especes lorsqu’ils poussent les espéces vers les limites de leur niche écologique. Le changement
rapide des conditions environnementales peut ainsi créer des pressions de sélection trop grandes
sur les especes. Si les especes n’ont pas la flexibilité pour répondre aux changements et que les
conditions changent plus rapidement que leur capacité d’adaptation, cela peut mener a des
extinctions de populations (Calosi et al., 2016 ; Gonzalez et al., 2013). Les importantes pertes
animales récentes, qui sont qualifiées de défaunation de 1’anthropocéne, sont une conséquence des
changements globaux mais contribuent aussi aux changements environnementaux a 1’échelle
globale (Dirzo et al., 2014). Des pertes de biodiversité sont attendues a des intensités variables
partout sur la planéte et ces pertes seront probablement plus dramatiques si les changements

climatiques sont plus intenses a court terme (Figure 0.1, IPCC, 2022).
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Figure 0.1 Scénarios de déclins de la biodiversité (terrestre et d’eau douce) liés a différents
degrés d’intensité de changement climatique (IPCC, 2022) d’ici 2100 par rapport a la période
préindustrielle.

0.1.3 Meécanismes qui ménent aux changements d’abondance des espéces

L’étude de la dynamique de populations permet de comprendre quels sont les processus a la base
des fluctuations de la structure des populations et du nombre d’individus d’une espece (Begon et
al., 2006). Plusieurs facteurs peuvent expliquer les variations dans I’abondance d’une espéce. La

perte ou la fragmentation d’habitat, la surexploitation, la co-extinction, I’introduction d’espéces



exotiques ou de pathogenes, la prédation, la pollution et les changements climatiques sont des
exemples de facteurs qui peuvent affecter négativement une espéce et entrainer des changements
rapides d’effectifs (Figure 0.2, Cardoso et al., 2020 ; Dirzo et al., 2014). Plus encore, ces facteurs
peuvent interagir et I’existence de boucles de rétroaction complexifie 1’identification des facteurs
qui génerent le déclin des populations (Dirzo et al., 2014). Dans un contexte de changements
environnementaux ou les variations sont inégales a 1’échelle de la planéte (IPCC, 2022), on peut
s’attendre a ce que le niveau de complexité des études portant sur la dynamique des populations
augmente en fonction de I’espace utilisé par une espéce. Ainsi, comprendre la dynamique des
populations des espéces migratrices pose des défis de taille (Northrup ef al., 2019 ; Wilcove et

Wikelski, 2008 ; Woodworth et al., 2017).
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Figure 0.2 Facteurs contribuant a I’extinction d’une espece (Adapté de Cardoso et al., 2020 ;
Dirzo et al., 2014).



0.1.4 Spécificité des animaux migrateurs

Les animaux migrateurs ont des particularités dont il faut tenir compte dans I’étude des facteurs
responsables des changements d’effectifs de population. En effet, le fait qu’ils utilisent de grandes
étendues spatiales durant leur cycle annuel fait en sorte qu’ils vont dépendre de différents types
d’habitats pour survivre et se reproduire (Wilcove et Wikelski, 2008). Plus encore, ils s’insérent
dans des communautés écologiques distantes qui sont soumises a des changements
environnementaux variables (Wilcove et Wikelski, 2008). Ainsi, les sites qui sont utilisés par les
migrateurs durant différentes phases de leur cycle de vie peuvent étre affectées par les changements
globaux a différentes intensités et de fagon hétérogeéne le long de leur corridor de migration. Par
exemple, la sous-population Ouest-Alaska—Sibérie de la Grue du Canada (Grus canadensis) quitte
le Canada, migre par le centre du Canada, puis utilise les prairies canadiennes, le Yukon et I’ Alaska
avant d’aller se reproduire en Russie (Krapu ef al., 2011). En surimposant les cartes de répartition
de I’espece aux cartes de changements climatiques entre 1960 et 2020 (GISTEMP Team, 2021),
on constate que la tendance au réchauffement varie de 0,5°C a prés de 4°C sur I’ensemble de leur
aire de répartition (Figure 0.3). Ces changements climatiques inégaux peuvent ultimement changer
I’abondance et la phénologie des ressources alimentaires disponibles pour cette espéce durant la
migration et sur I’aire de reproduction, et ultimement affecter négativement les populations de
migrateurs (Both ef al., 2009 ; Martin et al., 2018 ; Wilcove et Wikelski, 2008). 11 est donc
important de tenir compte des particularités des migrateurs pour espérer identifier les principaux
facteurs pouvant expliquer des déclins d’effectifs de population causés par les changements

globaux.
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Figure 0.3 Tendance des températures printani¢res (mars a mai) de 1’air de surface entre 1960
et 2020 pour I’hémisphére nord (GISTEMP Team, 2021). L’enveloppe approximative (en bleu
pale) des localisations de la grue du Canada (grus canadensis), sous population Ouest-Alaska—
Sibérie, sont illustrées (Krapu et al., 2011).

0.2 Ecologie des migrateurs
0.2.1 Migration et cycle de vie

La migration, telle qu’on I’entend dans cette these, est un mouvement répétitif et directionnel d’un
endroit a un autre effectué par un animal, avec ses propres moyens, en réponse a un changement
prévisible (Kennedy 1985 cité dans Dingle et Drake, 2007 ; Ramenofsky et Wingfield, 2007). La
migration peut aussi étre en réponse a un changement imprévisible et, lorsque c’est le cas, on parle
plutot de migration facultative (Ramenofsky et Wingfield, 2007). Chez les oiseaux, la migration
représente typiquement le mouvement saisonnier d’individus en transit entre leur aire d’hivernage
et leur aire de reproduction (Dingle et Drake, 2007). La migration permet donc aux organismes de

tirer avantage de ressources disponibles temporairement a plusieurs endroits éloignés. Chez



plusieurs animaux migrateurs, les différentes étapes du cycle annuel impliquent des changements
physiologiques et comportementaux trés marqués (Battley ez al., 2012 ; Ramenofsky et Wingfield,
2007). Il est donc nécessaire que ces organismes soient bien adaptés aux conditions
environnementales qu’ils rencontrent sur I’ensemble de leur aire de répartition (Dingle et Drake,

2007 ; Ramenofsky et Wingfield, 2007).

La survie et le succes reproducteur des animaux migrateurs sont entre autres associés a leur capacité
de compléter leur voyage dans une bonne condition physiologique (Cornelius et al., 2013 ;
Ramenofsky et Wingfield, 2007). Cela nécessite des adaptations afin d’arriver au bon moment et
au bon endroit pour acquérir des ressources a différents sites. Comprendre la dynamique de
population des migrateurs pose ainsi d’importants défis puisqu’il faut intégrer I’ensemble du cycle

annuel, incluant des événements qui surviennent parfois a des milliers de kilometres de distance.

0.2.2 Connectivité migratoire

La connectivité migratoire décrit le degré de connexion spatiale des populations entre différentes
périodes du cycle annuel (Boulet et Norris, 2006). Elle est considérée forte si des populations d’une
espece demeurent séparées spatialement a travers le temps, et est faible si les populations d’une
espece se mélangent durant une partie du cycle annuel (Figure 0.4). Les travaux sur la connectivité
migratoire suscitent un intérét en recherche fondamentale sur I’écologie et I’évolution de la
migration, mais aussi dans le domaine de la conservation des espéces migratrices (Somveille et al.,
2021 ; Webster et al., 2005). Une bonne connaissance de la connectivité migratoire permet de
mieux identifier les facteurs environnementaux qui générent des variations d’abondance des
especes migratrices (Ambrosini et al., 2009 ; Norevik et al., 2020 ; Skinner et al., 2022). Les
populations d’une méme espece qui occupent 1’espace différemment au cours de leur cycle annuel
peuvent faire face a différentes perturbations et changements environnementaux. Ces perturbations
peuvent étre d’origine naturelle ou anthropique et avoir des impacts négatifs sur la survie et la
reproduction des individus. Si toutes les populations d’une espéce migrent ou hivernent aux mémes
sites (connectivité migratoire faible), I’espéce dans son ensemble pourrait étre exposée a plus de
risques face a des événements ponctuels extrémes qui auraient alors des effets sur toutes les

populations en méme temps (Webster et al., 2002).
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Figure 0.4  Représentations schématiques des deux cas de figures les plus extrémes de la
connectivité migratoire (Adapté de Boulet et Norris, 2006).

Afin de documenter les sites d’hivernage et le parcours migratoire des petites especes d’oiseaux,
les biologistes ont acces a des techniques moléculaires et isotopiques, ainsi qu’a 1’utilisation de
données d’observation d’ornithologues amateurs (Boulet et Norris, 2006 ; Webster et al., 2002).
La miniaturisation récente de la technologie permet maintenant aussi 1’usage de consignateurs de
données sensibles a la lumicre (aussi appelés géolocateurs) pour suivre des oiseaux de plus petite
taille (Lisovski et al., 2012). Deux localisations par jour peuvent étre alors définies a partir de
mesures d’intensité lumineuse couplées a I’heure précise obtenue grace a une horloge intégrée aux
géolocateurs. Les oiseaux doivent cependant étre recapturés pour avoir acces aux données ce qui
représente parfois des défis logistiques considérables pour des espéces nichant dans des régions
isolées. La description des patrons migratoires et de 1’utilisation de 1’espace par les individus durant
I’ensemble du cycle annuel peuvent étre utilisés dans le cadre de différents types d’études, incluant
I’évolution de la migration, 1’écologie comportementale et la biologie de la conservation. Par
exemple, une des premicres études qui a utilisé les géolocateurs a pu mettre en lumiére des aspects
inconnus de la biologie d’une espéce, comme I’aire d’hivernage et les patrons d’activité d’espéces

coloniales d’oiseaux de mer (Philips et al., 2007).

La connectivité migratoire et la description de 'utilisation de I’espace sur I’ensemble du cycle
annuel permettent aussi d’identifier des endroits qui méritent une attention particuliere afin
d’assurer la conservation d’une espéce (Heckscher ef al., 2011). Bien que la notion de connectivité

migratoire puisse s’appliquer a toutes les périodes du cycle annuel (Boulet et Norris, 2006), la



plupart des études ont essentiellement opposé les sites de reproduction et d’hivernage des individus
(e.g. Ambrosini et al., 2009 ; Cohen et al., 2018a ; Finch et al., 2015 ; Trierweiler et al., 2014 ;
van Wijk et al., 2018). Décrire le niveau de mélange entre les populations durant I’ensemble de la
période non-reproductrice est toutefois souhaitable, car la mortalité¢ des individus peut culminer

pendant la migration (Newton, 2006).

La connectivité migratoire décrit a la fois I’arrangement spatial et 1’arrangement temporel des
individus par rapport a la disposition spatiale des populations reproductrices. Il est donc essentiel
que le temps et I’espace soient pris en compte lors de la description de la connectivité migratoire
(Knight et al., 2021). Par exemple, les oiseaux de plusieurs populations peuvent utiliser de maniere
asynchrone la méme zone, et donc ne jamais étre ensemble a aucun moment ce qui est un cas de
connectivité migratoire temporelle forte, mais spatiale faible (Bauer et al., 2015 ; Briedis ef al.,
2016 ; Knight ef al., 2021). Dans ce cas, se concentrer uniquement sur 1I’espace pourrait donner des
résultats sur la connectivité migratoire qui ne tiendraient pas compte a la fois de I’espace et du
temps (Bauer et al., 2015). Par conséquent, décrire la connectivité des populations dans 1’espace et
dans le temps tout au long du cycle annuel peut avoir de fortes implications pour la conservation
des migrateurs (Figure 0.5). Trés peu d’études ont toutefois été réalisées a 1’échelle de 1’aire de
répartition des especes (Knight et al., 2021 ; Skinner et al., 2022). Les avancées technologiques
rendent les données spatiales et temporelles de la migration de plus en plus accessibles, ce qui

permet une meilleure caractérisation de la connectivité migratoire (Cohen ef al., 2018a).
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Figure 0.5  Description théorique des composantes spatiales et temporelles de la connectivité

migratoire. La connectivité spatiale et la connectivité temporelle se combinent pour créer une
connectivité migratoire forte (séparation des populations reproductrices) lorsque I’une ou les deux
sont fortes. L’échelle indiquée va de faible (0) a forte (1), mais des valeurs négatives sont possibles
(jusqu’a -1) si les individus des populations reproductrices sont plus ¢éloignés qu’au hasard pendant
la migration. Les cercles opaques représentent les zones de reproduction de trois populations
distinctes d’une espéce migratrice, les cercles transparents représentent un lieu d’arrét migratoire
et les points représentent les localisations des individus de chaque population reproductrice
entreprenant la migration (tiré et adapté de Knight et al., 2021).

0.2.3 Phénologie de la migration

La phénologie est I’étude de la chronologie des phénoménes naturels saisonniers (Badeck et al.,
2004). En science biologique, la phénologie vise principalement les aspects temporels du
développement ou du comportement faisant partie du cycle de vie des organismes vivants (Badeck
et al., 2004). Chez les migrateurs, la phénologie de la migration et de la reproduction peuvent

fortement influencer le succes reproducteur des individus, en particulier dans les milieux trés



saisonniers comme les milieux nordiques. C’est le cas du fulmar boréal (Fulmarus glacialis) chez
qui les individus nichant plus tard ont généralement un succes beaucoup plus faible (Falk et Meoller,
1997). De méme chez I’oie des neiges (Anser caerulescens), il semble qu’une ponte et une éclosion
hative meénent a un meilleur succés reproducteur des individus (Lepage et al., 2000). De plus, une
arrivée hative des individus sur leur aire de reproduction peut contribuer & devancer la date de
ponte, augmenter la taille de couvée et le succés de reproduction potentiel pour les individus
nicheurs (Béty et al., 2003). Toutefois, une arrivée trop hative pourrait réduire la probabilité de
nicher des individus (Béty et al., 2004 ; Jean-Gagnon et al., 2018). Globalement, les espéces
migratrices devraient ajuster leur calendrier de migration de fagon a arriver sur leurs haltes
migratoires et sur leurs sites de reproduction au moment qui maximise leur aptitude phénotypique
(Lack, 1968 ; Marra, 1998). Pourtant, il existe des variations importantes et inexpliquées dans la
phénologie de la migration et de la reproduction des individus, tant au sein des populations qu’entre

elles (Aharon-Rotman et al., 2022 ; Briedis et al., 2016 ; Cristol et al., 1999).

Les facteurs qui influencent la phénologie de la migration et de la reproduction des migrateurs sont
susceptibles de varier selon les conditions environnementales dans lesquelles ils vivent. Les
variables extrinseques, comme la température, les précipitations et la disponibilité des ressources,
ainsi que des variables intrinséques des organismes, comme la taille et I’état physiologique,
peuvent contribuer a influencer la phénologie chez les animaux (Becciu ef al., 2019 ; Cohen et al.,
2018b ; ZinBmeister et al., 2022). Chez les oiseaux de mer nichant en colonie, la phénologie de la
reproduction peut étre affectée par la disponibilité des ressources alimentaires pres des sites de
reproduction, laquelle est surtout liée a des facteurs climatiques et océanographiques locaux (Reed
et al., 2009). D’autre part, la latitude des sites de reproduction, qui affecte généralement la
phénologie de la fonte de la neige, a été reliée a la phénologie de la migration chez certains oiseaux,
autant a 1’échelle populationnelle qu’entre des individus hivernant en sympatrie (Conklin et al.,
2010 ; Tonra et al., 2019). De telles relations entre la latitude et la phénologie de la migration
suggerent que la date de disponibilité de 1’habitat de reproduction pourrait étre un des principaux
facteurs qui expliquent la variation intra et inter-populationnelle dans la phénologie de la migration.
Cette hypothese est toutefois difficile a tester en milieu naturel puisque la latitude est souvent
corrélée a plusieurs autres paramétres susceptibles d’influencer la phénologie de la migration,

incluant la distance de migration, la route migratoire et la position des haltes migratoires (Akesson
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et al., 2017 ; Conklin et al., 2010 ; Fraser et al., 2013 ; Ketterson et al., 2015 ; Marra, 1998 ;
Rakhimberdiev et al., 2018). Globalement, les indices utilisés par les migrants pour ajuster leur
migration et maximiser leur aptitude phénotypique, ainsi que les mécanismes qui géneérent un
changement dans la phénologie de la migration, restent mal compris chez la majorité des especes

en milieu naturel (Aharon-Rotman et al., 2022 ; Shochat et al., 2022).

0.2.4 L’importance de la synchronie et des effets reportés

Considérant que la migration permet I’exploitation de ressources disponibles a des sites distants,
la phénologie de la migration des individus va déterminer le degré de chevauchement spatio-
temporel avec ces ressources et, conséquemment, peut fortement influencer leur aptitude
phénotypique (Hulthén ef al., 2022). Globalement, les migrateurs devraient étre sélectionnés pour
étre au bon endroit au bon moment. Dans le contexte des changements globaux, des changements
phénologiques sont observés dans la disponibilité des ressources utilisées par les migrateurs
(Rudolf, 2019). Ces altérations rapides peuvent générer une asynchronie entre la phénologie de la
migration (e.x., la date d’arrivée a un endroit) et la période de forte disponibilité des ressources a
un endroit spécifique (Cohen et al., 2018b ; Visser et Gienapp, 2019). Cette asynchronie peut
contribuer a une réduction de ’aptitude phénotypique des individus et ultimement a des déclins de
populations (Both et al., 2009 ; Visser et Gienapp, 2019). Il est donc particuliérement important
d’améliorer notre compréhension des facteurs qui expliquent la variation intra et inter-
populationnelle de la phénologie de la migration, et mieux quantifier la flexibilité et la capacité

d’adaptation des migrateurs a des changements environnementaux.

Une perte de synchronie entre la disponibilité des ressources et la phénologie des migrateurs
pendant une partie de leur cycle annuel peut générer des effets reportés, soit des événements qui
changent I’état des individus et leur performance subséquente dans une autre étape de leur cycle
de vie (Harrison et al., 2011 ; Norris et Marra, 2007). On parlera alors d’interactions saisonniéres
lorsqu’un événement survenant durant une saison a des effets reportés au niveau individuel ou
populationnel durant une autre saison. Des interactions saisonni¢res ont été observées chez
différentes especes. Par exemple, chez les oies des neiges, un dérangement sur une halte migratoire
a réduit la condition corporelle des individus, et entrainé une réduction du succes reproducteur des

individus durant la saison de reproduction subséquente, et une baisse du recrutement au sein de la
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population (Juillet et al., 2012 ; Legagneux et al., 2012 ; Morrissette et al., 2010). Ainsi, des
événements modifiant la vitesse du parcours migratoire ou 1’état physiologique des individus
peuvent occasionner des effets reportés qui modulent leur aptitude et la phénologie a d’autres
étapes de leur cycle de vie (Ahola ef al., 2004 ; Buehler et Piersma, 2008). Malgré leur importance
pour comprendre et anticiper 1’effet des changements globaux sur les populations de migrateurs,

les interactions saisonnieres demeurent peu documentées chez la majorité des especes (Cohen et

Satterfield, 2020).

0.2.5 Interactions trophiques indirectes et cascade spatiale

Au sein d’une communauté écologique composée en partie de migrateurs, certaines especes
migratrices peuvent interagir entre elles pendant une petite partie de leur cycle annuel. Ces
interactions peuvent étre directes ou indirectes, et mener a des effets positifs, négatifs, ou encore
nuls sur I’abondance des espéces (Smith, 2001). Lorsque les relations entre deux especes se font
par 'intermédiaire d’une autre espece, ces relations sont qualifiées d’indirectes (Wootton, 1994).
Les fondements théoriques des relations indirectes entre les espéces ont d’abord été proposés par
Holt (1977). L’espéce tierce qui entre alors en jeu peut étre, par exemple, un parasite ou un
prédateur commun (migrateur ou résident). Afin de mettre en évidence et quantifier les relations
indirectes entre des espéces migratrices en milieu naturel, on doit mieux comprendre les
mécanismes a la base des interactions, effectuer des expériences rigoureuses ou utiliser des modéles
multi-espéces bien paramétrés (Beardsell et al., 2022b, 2022a ; Holt, 1977 ; Krebs, 2009 ; Tack et
al., 2011).

Dans le cas d’une interaction indirecte négative comme la compétition apparente entre deux
especes de proies, I’augmentation en abondance d’une espéce (o)) peut avoir un effet positif sur la
densité ou le comportement d’un prédateur, qui génére une augmentation du taux de mortalité
d’une seconde espece (B), réduisant ainsi ses effectifs (Figure 0.6). Inversement, une réduction de
la proie o peut générer une réduction de la prédation sur la proie B. Ce type de compétition
apparente est constatée lorsque la mortalité des proies est induite par un prédateur partagé et lorsque
le prédateur bénéficie des deux especes de proies (Connell, 1990 ; Holt, 1977, 1984). Ces effets
indirects entre espeéces de proies peuvent également étre symétriques ou asymétriques. Chez les

especes migratrices, les facteurs responsables de 1’augmentation d’abondance d’une espece
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peuvent agir durant différentes saisons et a I’extérieur de la communauté dans laquelle les
interactions indirectes sont observées. L’effet d’événements externes sur la force des interactions
indirectes impliquant des especes de proies migratrices demeure toutefois peu documenté dans les

communautés naturelles (Bauer et Hoye, 2014).

VAN

Figure 0.6 [lustration d’une interaction indirecte (compétition apparente) entre deux especes
de proies et une espece de prédateur; les fleches numérotées représentent 1) ’augmentation de
I’abondance de la proie a, 2) I’augmentation de I’abondance d’un prédateur commun en réponse a
I’augmentation de la proie a et 3) la réduction subséquente de I’abondance de la proie .

Les especes migratrices utilisent parfois 1’espace de fagcon différente et peuvent donc cohabiter
uniquement durant la saison estivale de reproduction, alors qu’elles sont isolées les unes des autres
le reste de I’année. C’est le cas du faucon gerfaut (Falco rusticolus) et du traquet motteux
(Oenanthe oenanthe) qui se reproduisent au nord de I’Amérique du Nord et qui ont des sites
d’hivernage sur des continents différents (Figure 0.7). Ainsi, les faucons gerfauts vont migrer pour
rejoindre leur aire d’hivernage au sud du Québec notamment et, quant a eux, les traquets motteux
vont faire une migration transatlantique et rejoindre le centre de 1’ Afrique (Booms ef al., 2020 ;
Dunn et al., 2022). Des perturbations qui surviennent a 1I’extérieur de la communauté pourraient
donc influencer directement une seule espéce migratrice mais tout de méme se propager a d’autres
especes migratrices durant I’été, et ainsi a d’autres endroits dans le monde via des interactions
trophiques directes ou indirectes (Garcia-Callejas et al., 2019 ; Moisan et al., 2023). Ce type de
cascade spatiale via des espéces migratrices a €t¢ documenté et met en évidence la diversité des
mécanismes par lesquels les espéces migratrices peuvent propager des perturbations a 1’échelle du

globe (Moisan et al, 2023). Par exemple, les petites oies des neiges (Anser caerulescens
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caerulescens) ont profit¢ d’apports alimentaires substantiels liés a 1’agriculture sur leur aire
d’hivernage. Elles sont devenues tellement abondantes qu’elles ont altéré leur environnement de
reproduction dans I’ Arctique via le surbroutement des plantes, affectant par le fait méme d’autres
especes herbivores (Jefferies et al., 2004b). Les perturbations survenant dans les aires de non-
reproduction des espéces migratrices peuvent ainsi altérer les écosysteémes utilisés pour la
reproduction d’espeéces qui ne partagent pas les mémes aires d’hivernage. Une meilleure
compréhension des effets indirects entre des espeéces migratrices et des cascades spatiales qui en
résultent permettront d’améliorer notre capacité a anticiper les effets des changements globaux sur

la biodiversité (Moisan et al., 2023).

Figure 0.7 Exemple de migration de deux especes d’oiseaux qui nichent en sympatrie et
interagissent seulement durant la période de reproduction. Le faucon gerfaut (Falco rusticolus, en
mauve) est un prédateur du traquet motteux (Oenanthe oenanthe, en orange) en €t¢, mais ces deux
especes migrent vers des continents différents pour y passer I’hiver.

0.3 Systeme d’étude
0.3.1 Espéces migratrices cibles

En 2001, Morrison et al. Etablissaient que 80 % des espéces d’oiseaux de rivage (limicoles)
semblaient avoir une tendance démographique a la baisse au Canada et aux Etats-Unis (Morrison

et al.,2001). Les facteurs responsables des déclins sont divers et incertains (Morrison et al., 2001 ;
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Smith et al., 2020). Les changements environnementaux affectent particulierement les oiseaux de
rivage en raison de leur longue migration, le regroupement spatio-temporel d’une part importante
des populations a certains moments de 1’année et I’utilisation concomitante de zones fortement
utilisées par I’industrie ou le tourisme (Morrison et al., 2001 ; Smith et al., 2020). 1l est difficile de
déterminer la nature de ces diminutions d’effectifs de populations principalement a cause de
contraintes logistiques. Cette problématique vient entre autres de la difficulté de suivre I’ensemble
du cycle annuel des individus migrateurs qui peuvent parcourir annuellement des milliers de

kilometres (Léandri-Breton et Béty, 2020 ; Norris, 2005).

Le Pluvier bronzé (pluvialis dominica, Figure 0.8) est une espéce de limicole de taille moyenne
nichant en milieu arctique et subarctique de 1’ouest de 1’Alaska (Canada) a I’est de 1’Arctique
canadien (Figure 0.8). L espéce a décliné en abondance de fagon importante dans les années 1900
suite a une chasse sportive et commerciale intensive (Johnson et al., 2020a). L’abondance de
I’espéce est maintenant autour du demi-million d’individus, un niveau qu’on ne peut pas définir
comme étant équivalent & ce qu’il était avant cette période de chasse intensive vu ’absence
d’information sur les effectifs de cette époque (Andres et al., 2012). Les pluviers adultes nichent
au sol et leurs couvées sont de 4 ceufs généralement (Johnson et al., 2020a). Les males sont plus
fidéles au site de nidification que les femelles (Johnson et al., 1997) et y arrivent plus tot. Le choix

du site de nidification se fait tot en saison, alors que le couvert de neige est encore important.

Figure 0.8  Pluvier bronz¢ (Pluvialis dominica) durant I’initiation de la nidification sur I’ile
Bylot, Nunavut.
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Les pluviers sont considérés comme étant territoriaux et réagissent fortement a la présence de
prédateurs lorsqu’ils approchent de leur nid. Ainsi, la détectabilité des couples territoriaux par des
observateurs est fortement accrue par leur tendance a réagir rapidement (a I’approche d’un
observateur, ils émettent des cris d’alarme et effectuent d’autres comportements visant a éloigner
la source du danger). Les pluviers adoptent généralement un comportement de fuite du nid qui met
en évidence leur présence (Byrkjedal, 1989). Il est donc plus facile d’obtenir des données de
distribution et de densité chez cette espece comparativement a plusieurs autres especes de limicoles

moins faciles a détecter par les observateurs.

L’aire d’hivernage du Pluvier bronz¢ est située en Amérique du Sud dans les pampas d’ Argentine,
d’Uruguay et du Sud du Brésil (Figure 0.9). Cette région de prairies a été massivement transformée
par I’industrie agricole avec la conversion d’habitats naturels a des fins d’¢levage et de production
végétale de masse (Modernel ef al., 2016). La fidélité au site d hivernage des pluviers est inconnue
(Johnson et al., 2020a). Les Pluviers bronzés effectuent des migrations d’envergure chaque année
pour rejoindre le territoire d’hivernage et revenir a leur aire de reproduction au nord de I’ Amérique
du Nord. L’espéce a un parcours migratoire elliptique, allant vers le Sud par la cote Atlantique et
retournant vers le Nord par le centre des Amériques (Byrkjedal, 1989 ; Johnson et al., 2020a). Bien
que ces zones soient généralement connues, 1’existence de différences entre les populations quant
a leur utilisation de 1’espace n’est pas documentée (Johnson et al., 2020a). L’espeéce n’a pas de
sous-espece connue. La connectivité migratoire et I’utilisation de I’espace durant la période non-
reproductrice représentent des lacunes majeures dans les connaissances qui limitent notre potentiel

a évaluer la vulnérabilité de cette espeéce aux changements globaux (Johnson et al., 2020a).

16



160°E  170°W  140°W  110°W  80°W 50°W 20°W

80°N

60°N

40°N

20°N

20°S

40°S

60°S

Figure 0.9  Aire de répartition du Pluvier bronzé (Pluvialis dominica) durant la reproduction
(orangg) et I’hivernage (bleu) (adapté de : Johnson ef al., 2020a).

0.3.2 Données spatio-temporelles de la migration des limicoles

Différentes méthodes permettent d’obtenir de 1’information sur les parcours migratoires d’oiseaux
de petite taille comme les limicoles (isotopes stables, génétique, variation morphologique,
marquage avec des bagues ou des équipements électroniques de suivi (Webster et al., 2002). Les
géolocateurs miniatures (environ 1 g) permettent aussi d’obtenir des données de localisation
d’individus tout en minimisant I’impact sur les limicoles. Dans une étude comparant plusieurs
especes de limicoles, aucun effet négatif des géolocateurs n’a été constaté sur le Pluvier bronzé

(Weiser et al., 2016), ce qui suggére que les consignateurs n’ont pas d’effets négatifs majeurs sur
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le comportement des individus. Les géolocateurs requic¢rent cependant un effort considérable sur
le terrain puisque les données de migration de limicoles ne peuvent étre récupérées qu’a la

recapture d’un individu marqué.

0.3.3 Aire de reproduction des pluviers et écosystéme a I’é¢tude

Les écosystémes arctiques terrestres sont composés d’un nombre limité d’espéces de vertébrés.
Cette relative simplicité facilite 1’étude des interactions trophiques directes et indirectes puisque le
nombre de relations possibles entre les especes est moins ¢élevé (Gauthier et al., 2004). En 1989,
un suivi écologique a long terme a été mis en place a I’7le Bylot au Nunavut (73°08’N, 80°00°W;
Figure 0.10) (Gauthier et al., 2013) afin d’y étudier notamment les relations trophiques directes et
indirectes entre les especes de vertébrés (Béty et al., 2002 ; Gauthier et al., 2004 ; McKinnon et al.,
2010a). On y retrouve entre autres des especes de lemmings (Dicrostonyx groenlandicus et Lemmus
sibiricus), des oies de neiges (Anser caerulescens atlanticus), des oiseaux de rivage (bécasseaux
(Calidris sp.), pluviers (Charadrius sp. et Pluvialis sp.) et phalaropes (Phalaropus sp.)) et des
especes de prédateurs comme les labbes parasites (Stercorarius parasiticus) et a longue queue
(Stercorarius longicaudus), les goélands bourgmestres (Larus hyperboreus) et le renard arctique
(Vulpes lagopus) (Lepage et al., 1998). Le Pluvier bronz¢é est une des principales especes de
limicoles nichant sur I’7le Bylot (Lepage et al., 1998). Des réseaux trophiques similaires a celui de
I’1le Bylot sont observés ailleurs en Arctique (Krebs et al., 2003). Notons cependant qu'une des
spécificités de ce site est I’absence actuelle de grands herbivores tels que le caribou (Rangifer
tarandus) ou le beeuf musqué (Ovibos moschatus) et la présence d’une importante colonie d’oies
des neiges durant I’ét¢ (Legagneux et al., 2012). L’ile Bylot (Figure 0.11, Figure 0.10) est située
dans la cordillére arctique et est localisée au nord-est de 1’aire de répartition des pluviers bronzés.
Le centre de I’ile est dominé par une chaine de montagnes qui comprend des pics de 1500 a 1900 m
d’altitude ainsi qu’une petite calotte glaciaire s’écoulant vers les basses terres et la cote sous forme
de glaciers de vallée et de piémont (Dowdeswell et al., 2007 ; Klassen, 1993). La fonte de ces
glaciers alpins alimente des riviéres fluvio-glaciaires qui incisent les basses terres formées de
dépdts glaciaires et marins depuis le recul des glaciers (Klassen, 1993). C’est dans ces zones, au

sud-ouest de I’ile, que les oiseaux nicheurs sont particuliérement abondants (Figure 0.10).
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Figure 0.10 Emplacement de I’lle Bylot, au Nunavut (2 gauche), délimitation de la zone
caractérisée par une forte densité d’oiseaux migrateurs nicheurs (a droite).

0.3.4 Données environnementales de I’aire de reproduction

Les pluviers nichent au sol et nécessitent des espaces libres de neige afin de s’alimenter et accéder
a leurs proies (arthropodes) ce qui leur permet d’avoir les ressources nécessaires pour se reproduire
et pondre des ceufs (Byrkjedal et Thompson, 1998 ; Hobson et Jehl Jr, 2010). La date de fonte de
la neige représente donc un bon indice de la date de disponibilité¢ du site de reproduction des
individus. Heureusement, des données de relativement haute résolution spatiale sont maintenant
disponibles pour suivre la phénologie de la fonte de neige griace a I’analyse d’images de
I’instrument MODIS du satellite de la NASA Terra (données et détails méthodologiques présentés
dans O’Leary et al., 2017).

0.4 Objectifs de la theése

Les thémes abordés dans cette thése portent principalement sur la reproduction et la migration
d’une espece nichant dans I’ Arctique, le Pluvier bronzé. Les relations trophiques indirectes, la

connectivité migratoire et la phénologie de la migration sont abordées.
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Le chapitre 1 traite des relations trophiques indirectes entre insectivores (limicoles) et herbivores
(oies des neiges) dans un écosysteéme arctique. Les objectifs de ce chapitre sont d’évaluer 1’effet
d’une colonie d’oie des neiges sur la variation spatiale de I’occurrence des prédateurs des nids
d’oiseaux de rivage, du risque de prédation des nids de limicoles et de I’occurrence des oiseaux de
rivage nicheurs, dont le pluvier bronzé. Pour ce qui est des chapitres 2 et 3, des collaborations ont
¢été établies avec d’autres chercheurs travaillant a des sites de recherche situés en Arctique et
subarctique et distribués a travers 1’aire de reproduction de 1’espéce cible (Figure 0.11). Ces
collaborations ont permis de déployer des équipements (géolocateurs) de fagon similaire a travers
I’aire de reproduction de 1’espéce afin de décrire la migration des individus. Les objectifs du
chapitre 2 visent a décrire I'utilisation de 1’espace durant 1’ensemble du cycle annuel pour
différentes populations de Pluviers bronzés nichant en Arctique et de quantifier le degré de
connectivité migratoire de I’espéce a travers la période non reproductrice. L’objectif du chapitre 3
est d’établir la relation entre la phénologie de la migration et de la de la reproduction des individus,
en considérant la distance de migration et la phénologie de la fonte de neige sur 1’aire de

reproduction.
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Figure 0.11  Carte des sites d’études utilisés (triangles) afin d’atteindre les objectifs des chapitres
2 et 3. L’aire de reproduction du Pluvier bronz¢ présenté en orangé (adapté de : Johnson et al.,
2020a).
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0.5 Portée de ’étude

L’étude des relations trophiques indirectes qui relient les limicoles a d’autres especes de proies
dans I’ Arctique peut améliorer notre compréhension du role de ces relations dans le fonctionnement
et la structure des écosystemes. Les augmentations récentes et drastiques des effectifs de
populations de sauvagine comme les oies nous incitent a surveiller leurs impacts possibles sur la
biodiversité (Abraham et al., 2005 ; Gauthier ez al., 2005 ; Jefferies et al., 2004b). Dans un contexte
de changement global, les oiseaux de rivage subissent des pressions a plusieurs niveaux et
interagissent avec les oies durant une partie de leur cycle annuel. Notre étude traite de plusieurs
aspects importants de leur écologie durant la période de migration et de reproduction, incluant le
risque de prédation qui peut &tre modulé par la présence de proies surabondantes dans 1’écosystéme

arctique.

Afin de mieux préserver les espéces migratrices et comprendre la dynamique de leurs populations,
il est essentiel de connaitre leur utilisation spatio-temporelle du réseau de sites qu’elles fréquentent
durant leur cycle annuel complet. En établissant le degré de connectivité migratoire des populations
et les interactions saisonnieres chez une espece de limicole comme le pluvier bronzé, il nous sera
possible de mieux statuer sur le degré de sensibilit¢ de 1’espeéce au regard des perturbations
environnementales (p. ex. déversement pétrolier, développement touristique et immobilier,
changements des pratiques agricoles). Globalement, notre étude permettra de mieux connaitre
I’écologie des especes migratrices et la vulnérabilité de la biodiversité arctique aux changements

globaux.

21



CHAPITRE 1
EFFETS NEGATIFS INDIRECTS DE LA SURABONDANCE DES OIES DES NEIGES
SUR LES OISEAUX DE RIVAGE VIA LA PREDATION DANS L’ARCTIQUE

Titre anglais: Predator-mediated negative effects of overabundant snow geese on arctic-nesting

shorebirds

Jean-Frangois Lamarre'*, Pierre Legagneux!, Gilles Gauthier?, Eric T. Reed?, et Joél Béty!

1. Département de Biologie, Chimie et Géographie and Centre d’études Nordiques (CEN), Université du Québec a Rimouski, 300 allée des
Ursulines, Rimouski, Québec G5L 3A1 Canada

2. Département de Biologie and Centre d’études Nordiques (CEN), Université Laval,
1045 Avenue de la Médecine, Québec, Québec G1V 0A6 Canada

3. Canadian Wildlife Service, Environment and Climate Change Canada, 5019 52nd Street, Yellowknife, Northwest Territories X1A 2P7

Canada

Contribution respective des auteurs : Jean-Frangois Lamarre a congu 1’étude et élaboré la
méthodologie, récolté les données, analysé des données, produit les résultats et les figures, rédigé
I’article, incluant la recherche bibliographique, et coordonné les révisions et commentaires des
coauteurs. Pierre Legagneux et Gilles Gauthier ont contribué¢ a 1’analyse des données et a la
production des résultats et des figures, et ont révisé 1’article. Eric T. Reed a contribu¢ a la collecte
des données et a révisé Darticle. Jo€l Béty a initié le projet et financé les travaux de recherche,
contribu¢ a la conception de I’étude et de la méthodologie, récolté les données, contribué a

I’analyse des données, a la production des résultats et des figures et a révisé 1’article.

Publi¢ le 02 mai 2017 dans Ecosphere, volume 8, https ://doi.org/10.1002/ecs2.1788

22


https://doi.org/10.1002/ecs2.1788

1.1 Résumé

Les especes surabondantes peuvent fortement affecter le fonctionnement des écosystémes a travers
les cascades trophiques. La forte augmentation de plusieurs populations d’oies arctiques,
principalement due a des changements dans les pratiques agricoles dans les régions tempérées, peut
avoir de graves effets directs sur les écosystémes de la toundra par la dégradation de la végétation.
Toutefois, les effets négatifs de la surabondance d’oies induits par les prédateurs sur d’autres
especes de la toundra peuvent également étre importants, mais sont mal compris. Nous avons testé
I’hypothese selon laquelle I’abondance des oies affecte négativement les oiseaux de rivage nichant
dans I’ Arctique en augmentant la pression de prédation sur les nids. Nous avons utilisé six années
de données recueillies a I’intérieur et a proximité d’une colonie de grandes oies des neiges pour
évaluer I’effet des oies sur la variation spatiale dans (1) la présence de prédateurs de nids d’oiseaux
de rivage, (2) le risque de prédation des nids (avec nids artificiels d’oiseaux de rivage) et (3) la
présence d’oiseaux de rivage nicheurs. Nous avons constaté que la colonie d’oies avait une forte
influence sur la distribution spatiale des prédateurs de nids et des oiseaux de rivage nicheurs. La
présence de prédateurs a diminué, tandis que la présence d’oiseaux de rivage nicheurs a augmenté
avec la distance par rapport au centroide de la colonie. La force de ces effets était modulée par la
densité¢ des lemmings, proies préférées des prédateurs. Le risque de prédation des nids par les
oiseaux de rivage diminuait également avec la distance de la colonie. Dans I’ensemble, ces résultats
indiquent que ’abondance des oies affecte négativement les oiseaux de rivage nichant dans
I’ Arctique par le biais de prédateurs communs. Par conséquent, nous démontrons que le déclin
actuel de certaines populations d’oiseaux de rivage arctiques peut étre en partie médié par un effet

négatif d’une espéce surabondante.

Mots clés: Arctique; colonie d’oiseaux ; conservation; changement global ; interactions

indirectes ; ennemi partagé ; oiseaux de rivage ; distribution des espéces ; limicoles ; sauvagine.

1.2 Résumé en anglais

Overabundant species can strongly impact ecosystem functioning through trophic cascades. The
strong increase in several arctic geese populations, primarily due to changes in agricultural

practices in temperate regions, can have severe direct impacts on tundra ecosystems through
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vegetation degradation. However, predator-mediated negative effects of goose overabundance on
other tundra species can also be significant but are poorly understood. We tested the hypothesis
that goose abundance negatively affects arctic-nesting shorebirds by increasing nest predation
pressure. We used six years of data collected within and near a greater snow goose colony to
evaluate the effect of geese on the spatial variation in (1) the occurrence of shorebird nest predators,
(2) the nest predation risk (with artificial shorebird nests), and (3) the occurrence of nesting
shorebirds. We found that the goose colony had a strong influence on the spatial distribution of
nest predators and nesting shorebirds. Occurrence of predators decreased, while occurrence of
nesting shorebirds increased with distance from the centroid of the colony. The strength of these
effects was modulated by lemming density, the preferred prey for predators. Shorebird nest
predation risk also decreased with distance from the colony. Overall, these results indicate that
goose abundance negatively affects arctic-nesting shorebirds through shared predators. Therefore,
we show that the current decline of some arctic shorebird populations may be in part mediated by

a negative effect of an overabundant species.

Key words: Arctic; bird colony; conservation; global change; indirect interactions; shared enemy;

shorebirds; species distribution; waders; waterfowl.

1.3 Introduction

Natural ecosystem functioning and species communities are dramatically affected by human
activities (Vitousek et al., 1997 ; Worm et Paine, 2016). Exploitation of anthropogenic food
subsidies can induce ecological and evolutionary changes at individual, population, community,
and ecosystem levels (Newsome et al., 2015). Exploitation of such subsidies is considered
responsible for much of the demographic explosion of a wide range of species (Allombert et al.,
2005 ; Castro et al., 2005 ; Jefferies et al., 2004b ; Oro et al., 2013 ; Rotem et al., 2011). The impact
of such overabundant species can modify trophic relationships and potentially induce trophic
cascades within a given ecosystem (Latham et al., 2011) and even outside this ecosystem when
overabundant species migrate (Bauer et Hoye, 2014 ; Jefferies et al., 2006). For instance, the
increase in agricultural food subsidies available during winter caused a demographic explosion of
several goose populations both in Europe and in North America (Batt, 1998 ; Fox et al., 2010 ;
Jefferies et al., 2004a) inducing not only crop damages(Fox et al., 2005 ; Simonsen et al., 2016),
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but also intense overgrazing on their breeding grounds. In addition to strong cascading effects on
arctic tundra through overgrazing (Fox et al., 2005 ; Jefferies et al., 2004a, 2006), large goose
colonies also represent a predictable pulse resource that can induce indirect trophic interactions by

affecting the behavior and abundance of predators (Madsen et al., 1999 ; McKinnon et al., 2013).

Shared predation is a widespread phenomenon that can affect prey species abundance and
coexistence in natural communities (Holt, 1977 ; Holt et Kotler, 1987). Symmetrical or
asymmetrical apparent competition can arise when two species negatively affect each other by
enhancing the density or by changing the behavior of shared predators. Shared predators can also
generate non-reciprocal negative effects if either of the two prey species has small per capita effects
on the population size or behavior of shared predators (Chaneton et Bonsall, 2000). Iles et al. (2013)
reported negative effect of goose abundance on arctic-nesting common eiders (Somateria
mollissima) and concluded that apparent competition could partly explain the long-term decline in

eider nest survival.

While most goose populations have been increasing across the Arctic, many shorebird populations
have been decreasing throughout the same range (Deinet et al., 2015 ; Morrison et al., 2006). There
are some indications in the literature that large goose colonies can negatively affect shorebird
density (Hines et al., 2010 ; Jehl Jr, 2007 ; Sammler et al., 2008). Such findings suggest potential
local exclusion of shorebirds by geese due to habitat degradation or increased predation risk.
Predator-mediated effects of geese on shorebirds are poorly understood and are still neglected
(McKinnon et al., 2013). Predation avoidance was recently highlighted as one of the key drivers
explaining long-distance migrations and species distribution of arctic-nesting shorebirds (Gilg et
Yoccoz, 2010 ; McKinnon ef al., 2010a). Hence, changes in enemy-free space in the Arctic could

have profound effects on shorebirds.

Shorebirds and geese share several natural enemies, including jaegers, gulls, ravens, and especially
the Arctic fox (Vulpes lagopus; Figure 1.1), which is the primary egg predator (Béty et al., 2002 ;
Liebezeit et Zack, 2008 ; McKinnon et Béty, 2009 ; Royer-Boutin, 2015). In areas where Arctic
foxes mainly feed on cyclic small rodents during the summer, geese and shorebirds are typically
considered as alternative or incidental prey (Angelstam et al., 1984 ; Béty et al., 2001, 2002 ;

McKinnon et al., 2013). Lemming population cycles induce strong numerical and functional
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response of both avian and mammalian predators, with cascading effects on breeding geese and
shorebirds (Béty et al., 2001, 2002 ; Gauthier et al., 2004 ; Morrissette et al., 2010 ; Nolet et al.,
2013). Moreover, breeding Arctic foxes show an aggregative response to the presence of the snow
goose colony modulated by lemming density (Giroux et al., 2012). We used data collected over six
years within and near a large greater snow goose colony in the Canadian High Arctic (Bylot Island,
Nunavut) to test the hypothesis that geese negatively affect arctic-nesting shorebirds by increasing
nest predation pressure. We specifically investigated the effect of a goose colony on the spatial
variation in (1) the occurrence of shorebird nest predators, (2) the nest predation risk, and (3) the
occurrence of breeding shorebirds. By sampling both within and outside the goose colony, we thus
expected that the distance from the goose colony would drive nest predation pressure on shorebirds

especially at low lemming density.

N

Figure 1.1 Food web of the study system indicating the direct (solid lines) and indirect (dashed
lines) links. The main trophic link targeted in this study is indicated by the question mark.
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1.4 Methods
1.4.1 Study site

The study took place from 2010 to 2015 on Bylot Island, Sirmilik National Park, Nunavut, Canada
(73°08' N, 80°00" W; Figure 1.2). The study area is dominated by mesic tundra on the uplands and
a mixture of mesic tundra and wetlands (primarily polygonal tundra) in the lowlands (see Gauthier
et al., 2013 for details). Each summer, ~20,000 pairs of greater snow geese nest in one large colony
covering approximately 65 km? on the southern plain of Bylot Island (Figure 1.2; Figure A.0.1).
The greater snow goose population increased exponentially near the end of the 20™ century
(Gauthier et al., 2005 ; Menu et al., 2002) and was declared overabundant due to the potential
impacts of the growing population on wetland habitats and on other species (Batt, 1998). The
approximate boundary of the goose colony was mapped each year during the nesting period with a
helicopter and was relatively stable across years (maximum distance between centroid and

boundary from 9.0 km to 10.7 km; mean = 9.7 km; Figure A.0.1).
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Figure 1.2 Location of the study area and survey transects performed within and in the
surroundings of the greater snow goose colony on Bylot Island in the Canadian High Arctic
(satellite image from NASA MODIS Rapid Response).

1.4.2 Lemming density

Lemmings were live-trapped every summer with Longworth traps to obtain mark-recapture
estimates of abundance as described in Fauteux ef al. (2015). The trapping session lasted three days
and traps were checked twice a day. We had two 11-ha trapping grids, one in mesic and the other
in wetland habitats, each containing 144 traps. The July trapping session took place while transects
and artificial nests were performed. Therefore, we pooled data from this session only to have a total
of all lemmings of the species present on Bylot Island (collared lemmings [Dicrostonyx
groenlandicus] and brown lemmings [Lemmus sibiricus]). We used the average between grids, as
a measure of overall lemming density. Considering the distribution of the annual lemming density
observed during the study period, we used two categories in our analyses (low density, <2.5

lemmings/ha; and high density, >6 lemmings/ha; Figure A.0.2).
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1.4.3 Spatial variation in the occurrence of nesting shorebirds and nest predators

We focused our study on one of the most common shorebird species nesting on Bylot Island
(Lepage et al., 1998), the American Golden-Plover (Pluvialis dominica, which will be referred to
as plover hereafter). In our study area, the presence of plover is a good indicator of shorebird
diversity and abundance in mesic tundra habitat (Figure A.0.3) and plovers react strongly to a
human intruder when nesting (Byrkjedal, 1989), increasing detectability by observers. The reaction
distance of incubating plovers to the observer is 61 m SE = 8 m in our study area (n = 23 nests; J.-
F. Lamarre and J. Béty, unpublished data). Data collection took place during the plover’s
incubation period (between 21 June and 14 July). Median estimated initiation date of plover nests
during those years was 18 June (n = 374), and median observed hatch date was 16 July (n = 55).
To quantify the effect of the goose colony on the occurrence of predators and nesting shorebirds,
we conducted surveys through 500 m long transects located within (from 34 to 63 transects
annually) and outside (from 96 to 191 transects annually) the snow goose colony (Figure 1.2;
Figure A.0.1). The visibility on each side of transects was >150 m (estimated by observers trained
with range finder at three points on each transect), and all vertebrates seen within 150 m from the
transect were recorded. All the transects were located in mesic tundra with low vegetation, which

is the preferred nesting habitat for plovers (Byrkjedal et Thompson, 1998 ; Connors et al., 1993).

Plovers producing distraction displays such as rodent run, broken wing, and/or insistent calls were
considered as breeders (Byrkjedal, 1989). Birds that did not react to the presence of the observer
and/or were foraging, flying by, or resting were considered non-breeders. Status was confirmed by
moving towards the individuals. Plover original location upon detection was obtained with a

handheld GPS to later calculate the nearest distance to the transect.

When predators were sighted (nest predators shared by shorebirds and geese: parasitic jaeger
(Stercorarius parasiticus); glaucous gull (Larus hyperboreus); common raven (Corvus corax); and
Arctic fox), a single individual was spotted on most occasions: 51% (n = 394) and 93% (n = 81)
for avian predator and Arctic fox, respectively. Therefore, occurrence (probability to observe at

least one individual on transect) was used in the analyses.
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1.4.4 Predation risk

Predation risk was assessed with artificial nests (93—185 nests annually) made with four Japanese
quail (Coturnix japonica) eggs placed in a small man-made depression comparable to nest scrapes
made by shorebirds. Experiments took place in late June to early July, during the plover and goose
incubation period. Quail and shorebirds eggs are similar in coloration and size. Prior to deployment,
eggs were inspected, washed, and air-dried to minimize smell related to transport and storage. We
marked nests with a tongue depressor at 5 m and a feather at 7 m while wearing clean nitrile gloves.
Nests were installed at each end of transects located within and outside the snow goose colony and
were revisited after 48 h. Nest failure was defined as the predation of one or more eggs from the
artificial nest. Shorebird nests and artificial nests have the same dominant predator in our study
area (Arctic foxes; McKinnon et Béty, 2009 ; Royer-Boutin, 2015). Although artificial nests cannot
be used to infer predation rate on real nests, our technique provides a reliable measure of spatial

variation in relative nest predation risk (see McKinnon et al., 2010a, 2010b).

1.4.5 Statistical analyses

General linear mixed models (GLMM) were used to model predator and nesting plover occurrence
and nest predation risk with Ime4 (Bates et al., 2015) in R version 3.2.4 (R Core Team, 2016). We
used a binomial error structure and a logit-link function, with predator or nesting plover occurrence
(one individual seen on transect = 1, no individual seen = 0) as the response variable. GLMM were
also used to model nest predation risk with nest fate (one or more eggs depredated = 1, no eggs

depredated = 0) as the response variable.

In all the analyses, all continuous variables were standardized by subtracting the mean and dividing
by the standard deviation. The fixed effects were distance from the centroid of the goose colony
(DIST, continuous variable), lemming density (LEM, factor: years classified as high or low
lemming density, Figure A.0.2), and interaction between LEM and DIST. To account for a non-
linear effect of DIST, a quadratic term was added (DIST2). To better interpret non-linear
relationships, we used the /avielle function of the R package adehabitatLT (Calenge, 2006) to
identify segments (thresholds) on the fitted logistic relationships. This function performs a non-

parametric segmentation with the penalized contrast method of Lavielle (1999, 2005) to find the
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distance from the centroid of the colony at which the occurrence (or nest predation risk) starts
changing. This analysis is usually applied to time series but because transects were well spread
around the colony, we calculated the mean occurrence of predators or nesting plovers for each
0.5 km away from the colony and applied the lavielle function on this dataset. All values are
presented with £95% CI unless specified otherwise. The centroid of the goose colony and distances
between the centroid and transects were calculated for each year with the rgeos R package (Bivand
et al., 2014). Transects were performed only once each year and almost all (91%, n =267) were
repeated at least four years. To account for potential pseudo-replication, transect or nest number
was used as a random factor in all the analyses (Bolker et al., 2009). Because transects were
performed over a 23-d period and because the detection of predator or nesting plovers, as well as
predation of artificial nests, could change over time, standardized day of year was also included as
a random factor in all our analyses. Models were selected according to their corrected Akaike
information criterion (AICc). Parameter estimates were derived from averaging all models

(model.avg in MuMIn R package; Barton, 2015).

1.5 Results
1.5.1 Lemming density and nest predator occurrence

Over the years of the study, 1242 surveys were performed on 267 unique transects (from 130 to
249 transects per year). Annual lemming density varied during the study period (from 0.05 to 6.93
lemming/ha), resulting in three years of relatively high density (>6.0/ha: 2010, 2011, 2014) and
three years of lower density (<2.5/ha; 2012, 2013, 2015; Figure A.0.2). Occurrence of predators
also varied, with Arctic foxes sighted more during years of low lemming density (Figure 1.3). In
contrast, avian predators were more abundant during years of high lemming density except for the
common raven (Figure 1.3). Because common raven occurrence was very low compared to the
other two avian predator species and because glaucous gulls and parasitic jacgers showed similar

patterns (Figure 1.3), we combined all avian predators in subsequent analyses.
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Figure 1.3 Frequency of occurrence (probability to observe at least one individual) on transects
(a) by year (2010-2015) and (b) split by level of lemming density with error bars representing 95%
confidence intervals of the four nest predators shared between shorebirds and snow geese.
Occurrence of all three avian predator species combined is also presented.

The distance to the centroid of the goose colony influenced the occurrence of predators but in
interaction with lemming density (Table 1.1, Figure 1.4 a, b). Fewer Arctic foxes were sighted
far from the colony centroid, but the relationship was not significant at high lemming abundance
(B=-1.32;95% CI [-1.88, —0.76] and B = —0.37; 95% CI [-0.94, 0.20] for low and high lemming
year, respectively;Table 1.1, Figure 1.4 a). The non-linear relationship detected in the model
selection better described the relationship between Arctic fox occurrence and distance to the colony
at low lemming density (Table 1.1 a, Figure 1.4 a). We found an inflection point at 8.5 km from
the centroid of the colony at low lemming density. On average, the occurrence of foxes was seven
times higher at low lemming density and two times higher at high lemming density below the
inflection point, which was fairly close to the mean maximal extent of the goose colony (Figure
1.4 a). At low lemming density, Arctic fox occurrence decreased by 2.0% per km away from the
centroid of the goose colony for the first 8.5 km and this value decreased to 0.29% per km for the
8.5-20 km away from the centroid of the colony.
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Table 1.1 Model selection of the effects of lemming (LEM; years categorized as high or low
lemming density), distance from the centroid of the goose (DIST), and two-way interactions on (a)
Arctic fox and (b) avian predator occurrence along transects (n observations = 1242 from 267

different transects used as a random factor) ' 3.

Model name K AAICc i LL

(a) | DIST*LEM 6 0.00 0.61 —266.10
DIST*LEM+DIST2 7 1.93 0.23 —266.05
DIST*LEM+DIST2*LEM 8 3.26 0.12 —265.71
DIST+DIST2*LEM 7 7.21 0.02 —268.70
DIST+LEM 5 7.43 0.01 —270.83
DIST+DIST2 + LEM 6 8.86 0.01 —270.53
DIST 4 15.32 0.00 —275.78
DIST+DIST2 5 16.75 0.00 —275.49
LEM 4 31.88 0.00 —284.06
null 3 39.18 0.00 —288.71

(5) | DIST*LEM+DIST2 7 000  0.65  —660.47
DIST*LEM+DIST2*LEM 8 1.91 0.25 —660.41
DIST+DIST2 + LEM 6 4.86 0.06 —663.91
DIST+DIST2*LEM 7 6.46 0.03 —663.70
DIST+DIST2 5 8.25 0.01 —666.61
DIST*LEM 6 16.13 0.00 —669.55
DIST+LEM 5 22.04 0.00 —673.51
DIST 4 25.82 0.00 —676.41
LEM 4 88.88 0.00 —707.94
null 3 92.39 0.00 =710.70

" A non-linear relationship between Arctic fox occurrence and the distance to the centroid was tested by
including a quadratic term (DIST2).

2 When there was an interaction (*) between two factors, each individual factor was also retained in the
model.

3 K =number of parameters; AAICc = difference in AICc between the current and top-ranked model;

o; = AICc weight in favor of the model; and LL = log likelihood.
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Figure 1.4 Occurrence of Arctic fox (a) and of avian predators (b), artificial nest predation rate
(c), and occurrence of nesting American Golden-Plovers (d) on transects according to the distance
from the centroid of the goose colony and lemming density. The black and gray lines represent the
fit of models, based on model averaging for high and low lemming density, respectively, and dotted
lines are 95% CI. Black and gray bubbles represent mean proportions for high and low lemming
density, respectively, and the size of the bubble is proportional to log (N). The mean across years
of the maximum extent of the goose colony boundary is indicated by the solid vertical line. The
vertical dashed lines were obtained from a segmentation analysis (Lavielle 1999, 2005, see 1.4.5
Statistical analyses). The horizontal dashed lines represent the mean occurrence above and below
the breakpoint.
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Occurrence of avian predators was strongly related to distance to the centroid of the goose colony,
and this was modulated by lemming density ( = —1.14; 95% CI[-1.44,—0.83] and 3 = —0.74; 95%
CI [-1.01, —0.47] for low and high lemming density, respectively; Table 1.1b, Figure 1.4 b).
Breakpoints were found at 10.5 km and 8.5 km at high and low lemming density, respectively
(Figure 1.4 b). For the first 8.5 km away from the centroid of the goose colony, occurrence of avian
predators decreased by 6.8% per km at low lemming density, a value decreasing to 1.1% for the
8.5-20 km away from the centroid of the colony. This effect weakened slightly at high lemming
density (6.1% per km for the first 10.5 km, decreasing to 0.7% per km for the 10.5-20 km away
from the centroid). On average, the occurrence of avian predators was three times higher below the

breakpoint than above it (Figure 1.4 b).

1.5.2 Nest predation risk

Overall, about 19% of all the artificial shorebird nests (n =911) were depredated after 48 h of all
exposure. Lemming density and distance to the centroid of the goose colony influenced predation
risk (Table 1.2 a). Nest predation risk was lower at high lemming density (f =—0.62; 95% CI
[-1.14, —0.12]; Figure 1.4 c) and decreased with the distance to the goose colony centroid
(B=-0.36; 95% CI [-0.65, —0.07], B =—0.30; 95% CI [-0.61, 0.01] for low and high lemming
year, respectively; Table 1.2 a, Figure 1.4 ¢). Nest predation decreased by 0.9% and 0.5% per km
away from the centroid of the goose colony at low and high lemming density, respectively. No

breakpoint was detected.
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Table 1.2 Model selection of the effects of lemming density (LEM; years categorized as high
or low lemming density), distance from the centroid of the goose colony (DIST), and two-way
interactions on (a) the risk of predation on artificial nests (n =911, deployed on 245 different
transects used as a random factor) and (b) probability of observing nesting American Golden-
Plovers along transects (n observations = 1242 from 267 transects used as a random factor) 6.

Model name K AAICc ol LL

(a) | DIST+LEM 5 0.00 0.37 —421.05
DIST*LEM 6 1.39 0.18 —420.73
DIST+DIST2 + LEM 6 1.48 0.17 —420.77
DIST+DIST2*LEM 7 2.62 0.10 —420.33
DIST*LEM+DIST2 7 2.87 0.09 —420.45
DIST*LEM+DIST2*LEM 8 4.07 0.05 —420.03
LEM 4 5.06 0.03 —424.58
DIST 4 7.57 0.01 —425.84
DIST+DIST2 5 9.09 0.00 —425.59
null 3 12.61 0.00 —429.37

(b) | DIST+DIST2 + LEM 6 0.00 0.44 —553.21
DIST+DIST2*LEM 7 1.44 0.22 —552.92
DIST*LEM+DIST2 7 1.61 0.20 —553.00
DIST*LEM+DIST2*LEM 8 2.23 0.14 —552.30
DIST+LEM 5 23.37 0.00 —565.90
DIST*LEM 6 25.39 0.00 —565.90
DIST+DIST2 5 45.18 0.00 —576.81
LEM 4 58.86 0.00 —584.66
DIST 4 65.94 0.00 —588.20
null 3 95.74 0.00 —604.10

* A non-linear relationship between Arctic fox occurrence and the distance to the centroid was tested by
including a quadratic term (DIST2).

> When there was an interaction (*) between two factors, each individual factor was also retained in the
model.

® K = number of parameters; AAICc = difference in AICc between the current and top-ranked model;

o; = AICc weight in favor of the model; and LL = log likelihood.
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1.5.3 Nesting plover occurrence

The occurrence of nesting plovers varied strongly over the study period (Figure 1.4 d). Both
lemming density and the distance to the centroid of the goose colony influenced the probability to
find nesting plovers on transects (Table 1.2 b). Nearest distance to the transect of breeding plovers
(average =49 m, SE = 1.9, n = 363) was not affected by the distance to the centroid of the colony
(B=0.02, SE = 1.88, P =0.99), indicating that detection probability of plovers was similar over
the entire study area. Over 85% of plovers were detected within 90 m from transect. There was
also evidence for an interaction between lemming density and distance to the colony with a
quadratic effect (p =—0.69; 95% CI [—1.04, —0.34]). More nesting plovers were detected away
from the colony (B = 0.86; 95% CI [0.52, 1.21], B=0.80; 95% CI [0.54, 1.06]; at low and high
lemming density, respectively; Table 1.2 b, Figure 1.4 d). A breakpoint was detected at 9 km from
the centroid of the colony, which was close to the maximum extent of the colony boundary (Figure
1.4 d). For the first 9 km away from the centroid of the colony, the probability of finding a nesting
plover increased by 3.0% and 1.3% per km on average at high and low lemming density,
respectively. Nesting plover occurrence remained low below the breakpoint, that is, within the
goose colony (Figure 1.4 d). Nesting plover occurrence was, respectively, 4.4 and 2.5 times higher
above than below the threshold at low and high lemming density. The interacting effect of lemming
and distance from the colony with a quadratic effect was mostly driven by a stronger increase in

plover occurrence above the breakpoint at high lemming density than at low density (Figure 1.4 d).

1.6 Discussion

The rapid growth of arctic-nesting goose populations has caused cascading effects on coastal arctic
marshes through overgrazing (Fox et al., 2005 ; Jefferies et Rockwell, 2002). Large goose colonies
can also induce indirect trophic interactions by affecting enemy-free space in the Arctic. Such
predator-mediated effects are poorly documented (Iles et al., 2013 ; McKinnon et al., 2013, 2014).
In the present study, we found strong evidence that a large greater snow goose colony in the
Canadian Arctic influences the spatial variation in (1) the occurrence of nest predators shared by
geese and shorebirds, (2) the risk of shorebird nest predation, and (3) the occurrence of nesting
shorebirds. The size of our snow goose colony has remained relatively stable in recent years

(Annexe A, Figure A.0.1) and represents a predictable resource for predators (Dickey et al., 2008).
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The goose colony clearly attracted a high density of both mammalian (Arctic fox) and avian nest
predators. As predicted, such predator aggregative responses negatively affected artificial
shorebird nest survival and apparently reduced the occurrence of shorebirds within the goose
colony. Our results are consistent with recent studies highlighting the importance of predation in
shaping trophic relationships within the arctic tundra and in affecting shorebird species distribution

(Gilg et Yoccoz, 2010 ; Legagneux et al., 2014 ; McKinnon et al., 2013).

Overall, there were more sightings of foxes when lemming abundance was low and the opposite
was true for avian predators. Observing fewer avian predators during years of low lemming
abundance may be due to predation of avian predators’ nests by foxes as has been shown for
glaucous gulls at our study site (Gauthier ez al., 2015). We found a higher predation rate on artificial
nests during years of low lemming abundance, and since we observed more foxes and less avian
predators, this confirms that the main predator affecting shorebirds in our system is the Arctic fox

(Béty et al., 2002 ; McKinnon et Béty, 2009 ; Royer-Boutin, 2015).

The effect of geese on nest predators and shorebirds was tested with the distance from the centroid
of the colony. Our analyses revealed non-linear relationships between the distance and the
occurrence of predators or nesting plovers. The segmentation analyses also revealed the existence
of breakpoints in these relationships that were always very close to the maximum extent of the
goose colony (located ~10 km away from the centroid). Such a close match between the spatial
distribution of geese, nest predators, and nesting plovers suggests a clear predator-mediated

negative effect of the goose colony on shorebirds.

Although we found evidence that distance from the goose colony affected predation risk, the
threshold around 10 km was not found through artificial nest experiments. Deployment of a large
number of artificial shorebird nests in the Arctic appears to provide a reliable index of predation
risk to compare distant breeding sites, to detect annual variation, and to investigate fine-scale
spatial variation of predation risk (McKinnon et al., 2010b, 2013, 2014). However, the limited
number of artificial nests deployed annually at varying distances and over a short time period (48 h)
may have reduced the likelihood of detecting a specific distance threshold of predation risk in our
study area. The decreasing predation risk away from the goose colony found in our study is

consistent with observations of McKinnon et al. (2013) showing a positive relationship between
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goose nest density and predation risk within the goose colony. Quantifying the spatial variation in
predation rate on real shorebird nests would have strengthened our main conclusions. However,
field logistical constraints combined with the low density of nesting shorebirds precluded our

ability to monitor an adequate number of real nests both within and outside the goose colony.

The lower occurrence of nesting shorebirds inside the goose colony could result from birds directly
avoiding areas with high nesting goose density and elevated predator activity rate. Avoidance of
the goose colony could also result from severe habitat degradation caused by heavy goose grazing,
as reported for shorebirds and passerines nesting at Cape Churchill (Peterson et al., 2014 ; Sammler
et al., 2008). However, this is unlikely at our study site because goose grazing intensity is high in
wetlands (polygon fens) and low in mesic habitat (Duclos, 2002 ; Valéry et al., 2010) where the
focal species (plovers) predominantly nest. Although goose grazing in wetlands decreases primary
production, it is not high enough to cause habitat degradation (Gauthier et al., 2004 ; Valéry et al.,
2010) probably because the carrying capacity of those habitats is not yet reached on Bylot Island
(Duclos, 2002). Moreover, the American Golden-Plover is a site-faithful species with males
typically reusing the same territory year after year (Johnson et Connors, 2010). Thus, the lower
occurrence of nesting shorebirds observed at low lemming density in our study area is possibly due

to early failure of nesting activities caused by predation.

Our study provides evidence that, during the breeding season, overabundant geese reduced the
amount of enemy-free space in the arctic tundra, leading to a higher predation risk for shorebird
nests within a goose colony. Predator-mediated effects appear widespread in the arctic food web
(Béty et al., 2002 ; McKinnon et al., 2013 ; Morrissette et al., 2010 ; Nolet et al., 2013), and
predation avoidance was identified as one potential driver of species distribution in arctic-nesting
shorebirds (Gilg et Yoccoz, 2010 ; McKinnon et al., 2010a). In a recent circumpolar-scale analysis,
Legagneux et al. (2014) concluded that small to medium sized vertebrates in arctic terrestrial food
webs are under strong top-down control from predation. Tundra-nesting geese migrating annually
from temperate agricultural lands can generate a substantial flow of additional food for arctic
predators (Giroux et al., 2012), and our results indicate that predation patterns previously reported
in the Arctic could be affected at the local scale by the presence of large goose colonies. Further
investigations would be needed to determine the resulting indirect interaction between geese and

other tundra prey species. Indeed, apparent competition arises when two prey species negatively
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affect each other but shared predators can also generate non-reciprocal indirect effects, such as
indirect amensalism (Chaneton et Bonsall, 2000). If shorebirds are being attacked only incidentally
(see McKinnon et al., 2013), they could have small per capita effects on the population size or

behavior of shared predators, and hence, their indirect effects on geese could be negligible.

Although the present study focused on the occurrence of shorebird species, it is likely that the
observed patterns of predation risk could be generalized to other vulnerable tundra-nesting bird
species. Results from artificial nests indicate higher predation risk in the goose colony and the main
predator of artificial nests is the Arctic fox (Béty et al., 2002 ; Liebezeit et Zack, 2008 ; McKinnon
et Béty, 2009 ; Royer-Boutin, 2015). Nest monitoring confirmed that predation by Arctic foxes is
one of the main causes of nest failure for ground-nesting birds monitored on Bylot Island (including
passerines, raptors, geese, and shorebirds; Beardsell e al., 2016 ; McKinnon et Béty, 2009 ; Royer-
Boutin, 2015). Further investigations on the distribution and abundance of avian and mammalian
tundra species inside and surrounding the colony would help assess the impacts of geese on local

biodiversity.

Our study revealed a significant predator-mediated negative effect at the local colony scale.
However, the global impact of increasing goose colonies on population dynamics of shorebirds
remains to be quantified but could be significant considering that all three populations of snow
geese are designated as overabundant in Canada and that their breeding population across the
Canadian Arctic currently exceeds 15 million birds (Alisauskas et al., 2011). Concurrently, several
arctic shorebird species have been undergoing important population declines in recent decades
(Deinet et al., 2015 ; Morrison et al., 2006), and it is urgent to evaluate the role of overabundant
geese in those declines. An understanding of predator-mediated effects of overabundant geese at
larger geographic scales across the North American Arctic would greatly improve our
understanding of the impacts of overabundant geese on these ecosystems, to take action and orient

conservation measures.
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2.1 Résumé

De nombreuses populations d’animaux migrateurs sont actuellement en déclin. Une meilleure
connaissance de I’utilisation de I’espace au cours du cycle annuel complet et de la connectivité
migratoire (lien géographique entre les populations dans 1’espace et dans le temps) peut fortement
améliorer notre compréhension des tendances des populations. Les principaux objectifs de notre
étude étaient de 1) décrire 1’utilisation de I’espace pendant la période non reproductrice et ii)
quantifier le degré de connectivité migratoire a 1’échelle de 1’aire de répartition d’une espéce
migratrice, le Pluvier bronzé (Pluvialis dominica), nichant dans 1’ Arctique nord-américain. Nous
avons utilisé des géolocateurs, qui enregistrent I’intensité de la lumiere, pour suivre la migration
d’individus marqués sur des sites de reproduction répartis sur 1’ensemble de ’aire de reproduction
de I’espece. Nous avons identifié 10 et 7 sites utilisés pendant la migration automnale (vers le sud),
et la migration printanieére (vers le nord), respectivement, et un site utilis¢ durant la période
d’hivernage. Nous avons décrit de nouvelles haltes migratoires qui étaient antérieurement peu ou
pas connues et identifi¢ les routes transatlantiques et transpacifiques utilisées pendant la migration.
Nous avons quantifié¢ la connectivité migratoire par rapport aux lieux de reproduction des individus

a I’aide des tests de Mantel et en tenant compte du temps. Nous avons constaté que les individus
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nichant pres les uns des autres avaient tendance a étre plus pres les uns des autres durant la premicre
partie de la migration automnale. Cependant, pendant la période d’hivernage et une partie de la
migration printanic¢re, les individus des différentes populations étaient bien mélangés. Dans
I’ensemble, nous concluons que la connectivité migratoire des Pluviers bronzés est relativement
faible pendant la majeure partie de la période non reproductrice, ce qui suggere que les populations
reproductrices ¢loignées devraient étre touchées de facon similaire par des perturbations ou des

changements rencontrés sur la plupart des haltes migratoires ainsi que sur leur aire d’hivernage.

2.2 Abstract

Many populations of migratory animals are currently in decline. Better knowledge of the complete
annual cycle and of migratory connectivity (i.e. the geographical link between populations in space
and time) of individuals and populations can greatly improve our understanding of factors that may
limit population size. The main objectives of our study were to i) describe the use of space during
the non-breeding period and ii) quantify the degree of migratory connectivity across the range of
the American Golden-Plover (Pluvialis dominica), breeding in the North American Arctic. We
used geolocators, which record ambient light intensity, to track the migration of tagged individuals
breeding at sites spread across the species’ breeding range. We identified 10 and 7 sites used during
the fall (south) and spring (north) migrations, respectively, and one site used during the wintering
period. We highlight new stopover areas that were previously unknown or poorly known, and
describe the transatlantic and transpacific routes used during migration. We quantified migratory
connectivity of individuals in relation to their breeding grounds using Mantel tests while
accounting for time. We found that individuals breeding close tended to be closer together during
the early part of fall migration. However, during the wintering period and part of the spring
migration, individuals from different populations were more mixed. Overall, we conclude that the
migratory connectivity of American Golden-Plovers is relatively low for most of the non-breeding
period, suggesting that breeding populations separated by large distances are likely similarly
affected by disturbances and changes encountered on most migratory stopovers and on the

wintering area.
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2.3 Introduction

Many migratory animals are currently suffering global declines (Smith ez al., 2020, 2023; Wilcove
et Wikelski, 2008). Determining the main drivers of those trends is complex, especially in a context
where the range of species is wide and in the absence of adequate knowledge on the scale
(population or species) at which the main stressors are operating (Cresswell, 2014 ; Knight et al.,
2021). For instance, the relative impact of events occurring in one area of a species’ distribution
range depends on the level of mixing of populations at that given place and time (Esler, 2000). A
good knowledge of individual movements among populations during different seasons of the
annual cycle is thus critical for predicting the response of migratory species to environmental
changes. Understanding such patterns of migratory connectivity, which typically describe how
breeding and non-breeding sites are connected via the trajectories of individual migrants (Bauer et
al., 2015 ; Boulet et Norris, 2006 ; Webster et al., 2002) is of paramount importance to develop

and implement adequate conservation strategies.

Migratory connectivity (Bauer et al., 2015 ; Boulet et Norris, 2006 ; Webster et al., 2002) is
typically described along a continuum from low to high (Finch et al., 2017 ; Webster et al., 2002).
Under low migratory connectivity, individual migrants from a particular breeding population
spread over a shared area during the non-breeding season, mixing with individuals from different
breeding populations. Conversely, strong connectivity reflects the use of discrete, population-
specific non-breeding areas by individuals from discrete breeding areas (Webster et al., 2002).
Although migratory connectivity can apply to all periods of the annual cycle (Boulet et Norris,
2006), most studies contrast the breeding and the wintering locations of individuals (e.g. Ambrosini
et al., 2009 ; Finch et al., 2015 ; Trierweiler et al., 2014 ; van Wijk et al., 2018). Yet, describing
the level of mixing among individuals migrating and staging over is equally, if not more important,
as individual mortality can peak during migration (Newton, 2006). Moreover, time should be
considered when describing migratory connectivity as it can have strong implications for
conservation of migrants. Indeed, birds from several populations can asynchronously use the same
area, and hence may never be together at the same time (Bauer et al., 2015 ; Briedis ef al., 2016 ;
Knight et al., 2021 ; Lagassé et al., 2022). In such a case, focusing on space only could yield results
about the migratory connectivity that would not hold when considering both space and time (Bauer

et al., 2015). Finally, the spatial distribution of the studied breeding populations should be as wide
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as possible and aim to represent the whole breeding range of a given species to generate solid
conclusions on the level of migratory connectivity (Cohen et al., 2018a ; Knight et al., 2021 ;
Vickers et al., 2021).

The main objectives of our study were to i) describe non-breeding site use in American Golden-
Plovers breeding across the North American Arctic (Pluvialis dominica), and ii) quantify the range-
wide degree of migratory connectivity while accounting for temporal variation in space use.
American Golden-Plovers (hereafter referred to as plovers, Figure 2.1A) are transequatorial
migrants with a wide breeding longitudinal distribution across the North American Arctic, from
Western Alaska to Eastern Nunavut (Clay et al., 2009 ; Johnson et al., 2020a) (over 3,300,000 km?).
American Golden-Plovers follow an elliptical migration pattern, flying over the Atlantic during
their southbound migration to reach their wintering grounds in southern South America, and then
returning to their northern breeding area by flying along a mid-continental route (Antas, 1983 ;
Dinesen et al., 2019 ; Johnson, 2003 ; Lamarre et al., 2021). A better understanding of migratory
connectivity is highly relevant for the conservation of American Golden-Plovers, which were found
to be declining (Andres et al., 2012 ; Clay et al., 2009 ; Smith et al., 2023) and exposed to various
threats during their annual cycle (including exposure to agrochemicals, loss of habitat, hunting and
storm severity as during the non-breeding period; Clay et al., 2009 , Stodola et al., 2014, Johnson
etal.,2020a) .

2.4 Methods
2.4.1 Capturing and marking plovers

Incubating American Golden-Plovers were captured at eight study sites distributed across the entire
breeding range of the species (Figure 2.1B). The studied breeding populations were separated by
an average of 1864 km and as much as 3800 km (great-circle distance between Nome and Bylot
Island, (Figure 2.1B). Plover nests were located by searching appropriate habitats and individuals
were trapped with a 60 cm dome bow-net placed over their nest. Individuals were fitted with metal
and plastic bands, along with a light-level geolocator (archival data logger) attached to a leg flag,
all placed on the tibiotarsus (Figure 2.1A, Table B.1). Geolocator models deployed included British
Antarctic Survey MKI10b (weight ~1.1g) and Migrate technology Itd Intigeo geolocators
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W65A9RK (weight ~ 0.87g), which represented <0.8% of the minimum weight of plovers (average
mass: 142.4g, range 126 to 162g, n=25). Sex was identified using breeding plumage characteristics
(Johnson et al., 2020a). A total of 262 geolocators were deployed from 2009 to 2015, and 45 of
them (~17%) were retrieved by recapturing plovers 1 to 4 years after their initial capture (Table
B.1). Distance between nest locations of marked individuals monitored more than one year was
319 m on average (range 54 m to 1,119 m; n = 22). No effects of geolocator on annual survival
was detected (Weiser et al., 2016) and the relatively low recovery rate of geolocators reflects, in

part, the difficulty of recapturing plovers that return to their breeding territories. Three individuals

captured on Bylot island were tracked over more than one year.

Utgiagvik
Ikpikpuk River

Figure 2.1 A) Picture of a breeding American Golden-Plover (Pluvialis dominica) marked with
geolocator (right tibiotarsus) metal band and other plastic bands. Photo credit Josée-Anne Otis.
B) Map of the American Golden-Plover breeding range (orange; based on Johnson et al., 2020a)
showing the locations of banding sites (circles) distributed across the breeding range.

2.4.2 Processing Geolocator Data

Plovers that were recaptured had their geolocator leg flag removed and light data were downloaded
using the Communicate program in BAStrack for BAS geolocator (Fox, 2010) or Intiproc for

Intigeo geolocators (Fox, 2018). We converted light data into two locations (day and night length
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/ noon and midnight; in latitude / longitude) per day for each bird for all days between deployment
and recovery of the geolocator (unless devices malfunctioned during the nonbreeding season).
Following Finch et al. (2015), we used a light threshold of 3 for BAS devices and of 2 for Intigeos,
as light data output is different between models of geolocators. Data were processed through
GeoLight 2.0 (Lisovski et al., 2015) to convert light-level data to location estimates. For Arctic-
breeding birds exposed to full daylight when at high latitude, the dataset was restricted to dates
when nights were detected. To reduce light noise during night-time, the lightFilter function in
GeoLight 2.0 was used (Lisovski et al., 2015). Most loggers were calibrated using a rooftop method
(n=27, 64%) to provide a start angle for the Hill-Eckstrom calibration (mean=-6.63° range
[-7.33, -2.73], n=27). Residency periods were identified with the ChangeLight function in
GeoLight 2.0 (quantile= 0.9) with a specified minimum residency length of 2 days. For movement
periods or if no optimal sun elevation angle could be obtained by either rooftop or Hill-Ekstrom
calibration, we used the angle provided by the rooftop calibration, and if unavailable, the civil
twilight (i.e., 6°, Lisovski et al., 2015, n = 9). We filtered the estimated locations obtained with a

loess filter (k=2) to remove outliers.

Following Hobson & Kardynal (2015), the migration track of each plover was smoothed with a
state-space kalman filter and the most probable path was obtained with kftrack (Sibert et Nielsen,
2002) in R. Kalman filtering provides the most probable track from location data and reduces
observer bias when dealing with raw location estimates obtained with geolocators (Gow, 2016 ;
Hobson et Kardynal, 2015). As the estimated flight speeds of American Golden-Plovers vary
widely (see Johnson et al., 2020a), we used a relatively high flight speed estimate (104.6 km/h,
Johnson et Morton, 1976), corresponding to a maximum of 2,510 km per day, to set the diffusion
component of the model. Kftrack uses an asymmetric error structure peaking on the winter side of

the equinoxes, which is typical for geolocator data.

2.4.3 Non-breeding site use

We combined geolocator data obtained from all individuals across years to characterize non-
breeding site use. We inspected each individual track and identified clusters when movements lost
directionality and became erratic) as a ‘non-breeding site’. All individual locations assigned to a

specific non-breeding site were used to define the boundary of each non-breeding site using Kernel
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density estimates (75%; (R library ks - function kde, Duong, 2018), but keeping individuals with
near-complete migration and only one year per individuals when more than one year was available.
As American Golden-Plovers are terrestrial birds unable to land in the water, non-breeding sites
were clipped to remove any areas over oceans. The southernmost site used by an individual was
designated it’s wintering site while stopovers were designated according to the direction of the
migratory path (fall stopovers for Southward movement, spring stopovers for Northward
movement). Fall and spring stopovers used for short time periods could have been missed because
the fall migration takes place close to the equinox when geolocator location estimates are less
accurate (Bridge et al., 2013). Departure date was the date of the first location out of a given site
when birds initiated unidirectional movement away from the site, and arrival date was the date of

the first location within site when movement was reduced, lost directionality and became erratic.

2.4.4 Quantitative measure of migratory connectivity

We measured the migratory connectivity relative to the breeding locations of individuals and
quantified connectivity using the Mantel test (Ambrosini et al., 2009 ; Cohen et al., 2018a ; Knight
etal., 2021 ; Vickers et al., 2021), which estimates the correlation between two distance matrices.
The Mantel correlation coefficient (rm) can range from —1 to 1, with 0 indicating complete mixing
of individuals between breeding and non-breeding seasons, -1 indicating that individuals from a
given breeding population are further apart during the non-breeding season than during the
breeding season, and 1 indicating that individuals close to each other during the breeding season
stay together during the non-breeding season. During the non-breeding period, distance matrices,
measuring distances between all individuals on a given day, were generated for different dates (see
below). As geolocators can provide up to two locations per day, we used the centroid of those
locations to calculate the great circle distance between two individuals positioned at a given date.
To test whether individuals from the same breeding areas were closer to each other at a given date,
we calculated the rv for each distance matrix and used permutation tests (9999 permutations) to
calculate p-values (one-tailed test, null hypothesis rm < 0) A one-tailed test was used as negative
values in the strength of migratory connectivity are generally considered not biologically
meaningful (Cohen et al., 2018a ; Fattorini et al., 2023). The rv thus represents the degree of
organisation of individuals at a specific date relative to their breeding distribution. For each

distance matrix calculated for different dates, we also extracted the mean great-circle distance
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observed among individuals, a proxy for describing non-breeding range spread of individuals at a
given date(Finch et al., 2017). This provides an indication of the variation through time in the scale

of the spatial structure.

To describe the temporal variation in breeding population spread across the non-breeding period
(as recommended by Finch et al., 2017), we used the daily positions obtained during the non-
breeding period to measure the mean distance among individuals originating from the same
breeding area. For this purpose, we used breeding areas represented by >2 individuals. The
Ikpikpuk River and Utqiagvik study sites were grouped into a single Alaskan breeding population
as they are separated by only 111 km. Finally, we measured the great circle distances between
locations obtained on two different years but at the same date for a given individual to describe

individual consistency in space and time (Figure B.3, Bauer ef al., 2015).

Individual locations could not be estimated every day during the non-breeding period (e.g., due to
extensive daylight in northern regions or imprecise estimations of latitude around the equinox).
Hence, we could not compare the distance among individuals every day of the non-breeding period.
We first ran our analyses (variation of rv and of maximum distance between individuals through
time) using a group of 20 individuals that were regularly located at the same dates over most of the
non-breeding period (total of 149 days, spread from August 27 to May 14). All studied breeding
locations were represented (Nome: n=1, Utqiagvik: n=1, Ikpikpuk River: n=1, Caw Ridge: n=1,
Churchill: n=3, Coat’s Island: n=1, Igloolik: n=3, Bylot Island: n=9, Figure B.2). We also re-ran
the analyses and compared our main results using a larger sample size (n = 33) and included birds
tracked during most of the non-breeding period but located less regularly on the same date (total
of 119 days, spread from October 7 to May 3; Nome : n=2, Utqiagvik: n=1, Ikpikpuk River: n=1,
Caw Ridge: n=1, Churchill: n=4, Coat’s Island: n=1, Igloolik: n=6, Bylot Island: n=17). Results
were similar and only the parameters obtained for the group of 33 individuals are provided in the
results section. As geolocators were deployed over different years, the 33 individuals used for the
analyses were not tracked over the same annual cycle. We re-ran our analyses separately for each
annual cycle in order to make comparisons with results obtained using pooled annual cycles. All
distances provided in the results are great-circle distances and all analyses were performed using

R version 3.5.3 (R Core Team, 2019).
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2.4.5 Ethics statement

All methods including handling and marking were approved by University Committees for Animal
Care and all required permits for wildlife research were obtained (Park’s Canada, Environment and

Climate Change Canada, Bird Banding Office).

2.5 Results
2.5.1 Non-breeding site use

Although 45 geolocators were retrieved (Table B.1), 9 showed partial migration due to equipment
failure, which left 36 loggers with paths covering most of the non-breeding period for analysis.
Among those 36 tracks, 33 were unique individuals and those were used in the analysis, unless
stated otherwise. The inspection of each individual track allowed to identify clusters when
movements lost directionality and became erratic) as a ‘non-breeding site’ with an average distance
from the cluster of 292 km (range: 77 to 1654 km, obtained with a sample of 5 individuals from
across the breeding range, distance are in or out of 47 clusters). We identified 10 and 7 sites used
during the fall (south) and spring (north) migrations, respectively, and one site used during the
wintering period. Those 18 sites were used by at least one individual and for at least 5 days (Table
2.1, Figure 2.2). Sites were used for periods ranging from 5 to 168 days (average 43 days, Table
2.1; see Figure 2.2 for timelines describing site use by individuals through time). Individuals shared
one common wintering site as well as several stopover sites (Table 2.1, Figure 2.2). The median
duration of the Foxe peninsula stopover, North of Kinngait (Nunavut) was 10 days (range: 6 to 17
during the first leg of the fall migration by birds breeding across most of the breeding range (e.g.,
Ikpikpuk river, Igloolik and Bylot Island). 23 of the 33 tracked birds, except those breeding at
Churchill or Caw Ridge, flew over eastern North-America (eastern Canadian provinces) and
undertook a transoceanic route to reach South-America between late August and mid-October.
After the transatlantic flight, central Brazil was used as a stopover site by birds originating from
most breeding populations (7 out of 8 studied breeding populations; Table 2.1, Figure 2.2, Table
B.2). All birds wintered in La Plata River Basin, an area encompassing southern Brazil, Uruguay,
and northeastern Argentina (Table 2.1, Figure 2.2). The median duration at the wintering area was

134 days (range: 101 to 168) between late September to mid-March (Table 2.1, Figure 2.2).
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Table 2.1

Migratory stopover timing of adult American Golden-Plovers (n = 33) originating

from 8 breeding populations spread across the entire species breeding range (see Figure 2.2 for
locations of stopover sites). Median arrival and departure dates [range: month/day when more than
1 individual] and number of individuals detected at each stopover site are indicated. Temporal
ranges are given more than one individual used a non-breeding site. Near-complete annual tracks
were used to calculate those descriptive statistics.

Medlan Median Median Total number  Breeding
. arrival date departure date . N .
Stopover site name duration of individuals populations
(month/day ) (month/day)

[range] [range] [range] (percentage)  represented
1-Southern British
Columbia, Canada 07/12 07/27 15 1 (3%) 1
2-Kivallig, Nunavut, 08/10 08/20 10 3 (9%) )
Canada [08/09-08/11]  [08/19-08/25] [9.2-15.2] ’
3-North Hudson Bay, 08/12 08/21 9.3 3 (9%) )
Nunavut, Canada [07/16-08/23]  [07/31-09/01] [9.1-15.1] ’
4-Foxe peninsula, 08/13 08/23 10.1 18 (55%) 3
Nunavut, Canada [08/03-08/20]  [08/14-08/31] [6-17.2] ’
5-Hudson Plains, 07/09 08/22 442 5 (15%) )
Ontario, Canada [06/27-08/07]  [08/18-08/25] [11.3-56.2] °
6-West-Midwest, USA 08/01 08/06 5 1 (3%) 1
7-South-Central USA 09/27 10/09 12.5 1 (3%) 1
8-Northeast USA 09/03 09/10 7 1 (3%) 1
9-Northern South- 09/19 10/06 18 3 (9%) 5
America [09/15-09/25]  [10/03-10/07] [11-18.5] ’

. 09/22 10/07 12.3 0
10-Central Brazil [08/31-10/21]  [09/09-11/01]  [5.5-28.5] 14 (42%) 7
11-La Plata River 10/10 02/19 134 o
basin [09/23-11/10]  [01/20-03/15] [101-168] 33 (100%) 8
12-Upper Amazon 02/15 03/10 19 o
basin [02/04-03/09]  [02/25-04/11] [6.5-38.5] 18 (55%) 6
|3-Northern South- 03/03 03/10 7.5 1 (3%) 1
merica
. 03/16 04/10 [04/04- 25.2 0

14-South Mexico [03/02-03/31] 04/17] [17-33.4] 2 (6%) 2
15-Lower Mississippi 04/10 05/10 32.4 31 (94%) 3
Basin, USA [03/26-05/04]  [04/26-05/16] [7.4-42.4] ’
16-Southeastern USA 04/22 05/07 15 1 (3%) 1
17-West-Midwest, 05/13 05/24 [05/03- 10.5 o
USA [04/16-05/20] 05/28] [5-21.7] 26 (79%) 8
18-East-Midwest, 04/03 04/18 15.4 1 (3%) |

USA

Most plovers initiated northbound migration in late February (median departure date = February

19, range: January 20 to March 15). Plovers originating from six out of eight studied breeding
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populations spent some time (Median duration (19 days: range 6.5 to 38.5 days, Table 2.1, Figure
2.2, Table B.2) in the upper Amazon basin (Peru, Western Brazil) before resuming migration. 16
of 33 tracked birds then flew through the western part of South America and over Central America,
while 17 flew over the Pacific Ocean to reach North America. Then, 94 % of tracked birds
continued their northbound journey northward along the Mississippi basin. Most plovers (27 of the
33 tracked, 82%) spent some time (median duration = 10.5 days, range: 5 to 21.7 days) in the
Western Midwest in USA, which was the last shared stopover area (Table 2.1, Figure 2.2).

2.5.2 Migratory connectivity

Non-breeding range spread and population spread (average distance observed between individuals)
were highest during the early fall migration, decreased sharply and was lowest in early December
(Figure 2.4A). Interestingly, the population spread increased during the early spring migration but
decreased sharply in late April/early May (Figure 2.4A) when all plovers were located in USA (see
Figure 2.2).

Positive rv values, indicating that individuals breeding close to each other were nearer to each
other, were observed for 26 out of 119 days (22%) of the annual cycle for which all tracked
individuals (n = 33) were located (Figure 2.4B). During fall migration (October 7 to November 6),
a positive rv was present for 13 out of 22 days (59%). During the few weeks following the arrival
of birds on their wintering area (from November 7 to December 21), 9 out of 32 days (28%) were
characterised by positive migratory connectivity coefficients. Then, from December 23 to April 15,
individuals from different breeding locations were mixed, as no positive rv values were detected
over 51 days spread over the wintering and early spring migration periods. From April 17 to May
1, migratory connectivity coefficients were positive on a few days (3 out of 12 days), indicating
that individuals heading to the same breeding areas were sometimes closer to each other during the
second half of the spring migration (Figure 2.4B). Analyses that involved birds tracked over the
same annual cycle (hence with lower sample sizes) generated similar overall patterns and indicated
that plovers from different breeding locations were well mixed during most of the non-breeding
period (Figure B.1). When looking at individual consistency in space and time though the
comparison of the same individual between years (n=3 individuals with 2 years of data), similar

patterns emerged and relatively high individual consistency was observed during most of the non-
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breeding period (results are only provided in supplementary material due to low sample size: Figure
B.3).

Utgiagvik

Fall

Southern British Columbia, Canada
Kivallig, Nunavut, Canada

North Hudson Bay, Nunavut, Canada
Foxe peninsula, Nunavut, Canada
Hudson Plains, Ontario, Canada
West-Midwest, USA

South-Central USA

Northeast USA

Northern South-America

Central Brazil
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La Plata river basin
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Upper Amazonian basin
Northern South—-America
South Mexico

Lower Mississippi Basin, USA
Southeastern USA
West-Midwest, USA
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Figure 2.2 Tracklines and kernel density estimate (75%) for non-breeding sites used by
American Golden-Plovers tracked with geolocators. Only individuals with near complete tracks
(n=33) were used for the analysis. Kernels were post processed with a land mask to retain
terrestrial areas of interest. Individuals were marked at 8 breeding areas (black triangles) spread
over the entire breeding range.
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Churchill 2
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Churchill 4
Coats island 1
Igloolik 1
Igloolik 2
Igloolik 3
Igloolik 4
Igloolik 5
Igloolik 6

Bylot island 1
Bylot island 2A
Bylot island 2B
Bylot island 3A
Bylot island 3B
Bylot island 4A
Bylot island 4B
Bylot island 5
Bylot island 6
Bylot island 7
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Bylot island 14
Bylot island 15
Bylot island 16
Bylot island 17

| NN NN S Y N N N N N S S Y N N N T N N N o ——

?
r
1

Fall Winter Spring
A Southern British Columbia, Canada La Plata river basin Upper Amazon basin
Kivalliq, Nunavut, Canada 8 Northern South-America
Bl North Hudson Bay, Nunavut, Canada 4] South Mexico
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5 Hudson Plains, Ontario, Canada 16 Southeastern USA
6  West-Midwest, USA 17 West-Midwest, USA
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Figure 2.3 Timeline of the non-breeding period for American Golden-Plovers tracked with
geolocators and marked in 8 breeding populations (indicated on the y-axis with suffix indicating
plover number at given site. Vertical dashed lines indicate the periods associated to less reliable
locations (i.e, obtained 15 days before and after the equinoxes). Individuals tracked over more than
one annual cycle at Bylot Island are identified with letters (e.g. 1A, 1B). Individuals (n=33) used
for descriptive statistics of migration, kernel density estimation and temporal variation in the
Mantel coefficient are highlighted in bold.
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Table 2.2

Migratory stopover timing of adult American Golden-Plovers (n = 33) originating

from 8 breeding populations spread across the entire species breeding range (see Figure 2.2 for
locations of stopover sites). Median arrival and departure dates [range: month/day when more than
1 individual] and number of individuals detected at each stopover site are indicated. Temporal
ranges are given more than one individual used a non-breeding site. Near-complete annual tracks
were used to calculate those descriptive statistics.

Median arrival

date Median departure  Median Total number Breeding
Stopover site name date (month/day) duration of individuals populations
(month/day )
[range] [range] [range] (percentage) represented
1-Southern British 0
Columbia, Canada 07/12 07/27 15 1 (3%) 1
2-Kivalliq, Nunavut, 08/10 08/20 10 3 9%) )
Canada [08/09-08/11] [08/19-08/25] [9.2-15.2] 0
3-North Hudson Bay, 08/12 08/21 9.3 3 (9%) )
Nunavut, Canada [07/16-08/23] [07/31-09/01] [9.1-15.1] 0
4-Foxe peninsula, 08/13 08/23 10.1 18 (55%) 3
Nunavut, Canada [08/03-08/20] [08/14-08/31] [6-17.2] 0
5-Hudson Plains, 07/09 08/22 44.2 5 (15%) )
Ontario, Canada [06/27-08/07] [08/18-08/25] [11.3-56.2] ¢
6-West-Midwest, USA  08/01 08/06 5 1 (3%) 1
7-South-Central USA 09/27 10/09 12.5 1 (3%) 1
8-Northeast USA 09/03 09/10 7 1 (3%) 1
9-Northern South- 09/19 10/06 18 3 9%) )
America [09/15-09/25] [10/03-10/07] [11-18.5] 0
. 09/22 10/07 12.3 o
10-Central Brazil [08/31-10/21]  [09/09-11/01] [5.508.5]  14(42%) 7
. . 10/10 02/19 134 o
11-La Plata River basin [09/23-11/10] [01/20-03/15] [101-168] 33 (100%) 8
12-Upper Amazon 02/15 03/10 19 N
bain [02/04-03/09]  [02/25-04/11] [6.5385]  180(3%) 6
|>-Northern South- 03/03 03/10 75 1 (3%) 1
merica
. 03/16 04/10 [04/04- 25.2 o
14-South Mexico [03/02-03/31]  04/17] [17-33.4] 2(6%) 2
15-Lower Mississippi 04/10 05/10 324 31 (94%) ]
Basin, USA [03/26-05/04] [04/26-05/16] [7.4-42.4] 0
16-Southeastern USA 04/22 05/07 15 1 (3%) 1
17-West-Midwest, 05/13 05/24 [05/03- 10.5 o
USA [04/16-05/20]  05/28] [5-21.7] 26 (79%) 8
18-East-Midwest, USA  04/03 04/18 154 1 (3%) 1
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Figure 2.4.  Spatial structure of migrating American Golden-Plovers (Pluvialis dominica; n =33
individuals) through time. A) Non-breeding range spread and population spread (average distance
observed between individuals) through time (black: all populations combined) and and population
spread for specific breeding populations (dark blue: Bylot Island, light blue: Igloolik, green:
Churchill. Orange: Alaskan populations).B) Temporal variation in the Mantel coefficient
(rm £ Confidence Interval 95%). Dates with positive rv are in red (9999 permutations, one-tailed
test, p<0.05), indicating that individuals breeding close to each other are nearer on a given day.
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2.6 Discussion

Unlike most studies that track only one or a few populations of an breeding species with broad
ranges (e.g. Ambrosini et al., 2009 ; Finch et al., 2015 ; Trierweiler et al., 2014 ; van Wijk et al.,
2018), our study provides detailed information on the location of non-breeding sites and migratory
routes reflective of the entire breeding range of American Golden-Plovers. Our unique database
also provides the first range-wide quantification of migratory connectivity and temporal variation
in breeding population spread for this species, a critical information that is poorly known in most
migratory animals (Vickers et al., 2021) and generally not available for arctic-breeding shorebirds
where conducting such studies is logistically difficult and prohibitively expensive. Overall, we
showed that individuals originating from widely separated breeding populations are well-mixed

during most of the non-breeding period, which corresponds to a low migratory connectivity.

2.6.1 Migratory routes and non-breeding sites

As indicated in a previous study that relied on band recoveries (Byrkjedal et Thompson, 1998), our
results confirm the elliptical migratory pattern of American Golden-Plovers. As expected, most
plovers tracked in our study appeared to use a transatlantic route during the fall migration, although
some locations obtained with geolocators during this period were less accurate due to the equinox.
During the northbound migration, plovers used different routes to reach North America, one
overland and another offshore route located over the Pacific Ocean. The offshore-Pacific route has
not been previously documented (Byrkjedal et Thompson, 1998 ; Johnson et al., 2020a), and might
have evolved from plovers benefitting from the use of the strong winds from the South Pacific
subtropical high and the equatorward low-level jet stream (Cherchi et al., 2018). A similar
migration pattern over the Pacific Ocean has been documented for Buff-breasted Sandpiper (L.
Tibbitts and R. Lanctot, unpubl. data), which shares habitats and stopovers with the American
Golden-plover during winter and some northward migration sites (Johnson et al., 2020a ; McCarty

et al., 2020).
Some non-breeding sites identified in our study were either not known or poorly known prior to

our study, including sites used by American Golden-Plovers after breeding, like the Foxe Peninsula

situated in the eastern Canadian Arctic. This specific site may represent a critical stopover as it is
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used prior to the transatlantic route birds use to reach South America. Additionally, the central
Brazil site was unknown previously as a large proportion of the tracked individuals used this area
prior to reaching their wintering area in the La Plata River Basin, which was previously

documented by Byrkjedal and Thompson (1998).

As expected, plovers moved across the Mississippi basin during the spring migration and,
interestingly, all veered westward before stopping at the West Midwest site. It is noteworthy that
none of the plovers tracked in our study stopped over in northeastern Indiana and adjacent Illinois,
areas where large spring aggregations have been documented (Johnson et al., 2020a). This may
partly result or reflect annual variation or temporal changes in space use. Finally, it is important to
note that our study is based on migratory tracks of adult plovers that survived at least one full
annual cycle and initiated reproduction in at least two subsequent breeding seasons (the latter was
necessary so we could capture birds at nests). Therefore, risky migratory paths and low quality
non-breeding sites used by adults, and all sites used by juveniles (since no juveniles were tagged
in our study), could be missing in our database. As survival is likely low in the first year of life,
better knowledge of age-specific migration timing and space use is critically important to identify
the drivers of population dynamics (Cheng et al., 2019). Moreover, differences in migration
parameters can also occur between sexes (Maness et Anderson, 2013). We did not take sex into
account in our analysis due to restricted sample size, although no obvious differences were apparent,
and migration patterns are not known to differ between sexes in this species (Byrkjedal et

Thompson, 1998 ; Johnson et al., 2020a).

2.6.2 Quantitative measure of migratory connectivity

Our study is among the first to investigate variation in migratory connectivity using Mantel
correlation coefficient (rm) calculated at a fine temporal resolution throughout a species annual
cycle (Knight et al., 2021 ; Korpach et al., 2022). During the first part of the non-breeding period,
our approach allowed us to document an apparent temporal decrease in the proportion of days for
which individuals breeding close to each other were nearer to each other. Although individuals
were well-mixed following the fall migration, we showed that non-random spatial structure can

emerge again at the end of the non-breeding period. In American Golden-Plovers, it may represent
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slight clustering of individuals breeding close to each other and migrating at slightly different pace

during the final leg of the spring migration (see Lamarre et al. 2021).

The fact that widely separated breeding populations of American Golden-Plovers were clustered
for most of the non-breeding period, suggests that stressors occurring during this period affect all
populations equally. Also, as all individuals can occupy the same space during the same period,
the species can be at higher risk in face of rapid and strong environmental changes occurring at a
shared stopover or wintering site (Briedis et Bauer, 2018). In migratory connectivity studies,
sensitivity analyses can be used to assess the generalizability of the results and strength of
conclusions derived from Mantel correlation coefficients. For instance, simulations can be used to
investigate the effects of uncertainty in bird locations or of sampling intensity (e.g., variation in
sample size across breeding populations) on the magnitude of rv (Knight et al. 2021). Although
such simulations could improve our study, we are confident that our main conclusion (i.e., low
migratory connectivity relative to the breeding locations of individuals) is robust considering that
our breeding populations were spread over the entire breeding range of the species (Cohen et al.,
2018a ; Vickers et al., 2021). Overall, our study provides critical information on when and where
all or most breeding populations stopped throughout their annual cycle. Sites used prior to long
distance, and post- or pre-breeding flights are likely particularly important and need of conservation
and additional study (such as the Foxe Basin, Upper Amazon Basin, and the West-Midwest sites,
Figure 2.2).

Describing year-round space use and quantifying migratory connectivity can provide important
information for identifying key drivers of demographic trends of migrants and populations or
species at risk of extinction (Marra et al., 2015). In an era with many rapidly declining migratory
bird populations (Runge et al., 2015 ; Smith et al., 2023 ; Wilcove et Wikelski, 2008), studies like
ours are strongly needed to make knowledge-based, species-specific conservation decisions to
reverse the current trends. In addition to their importance for the implementing conservation
measures, our study can improve our ability to identify the origin of subsidies, pathogens and
parasites moving between distant communities through migratory birds (Lewis et al., 2014 ;

Moisan et al., 2023).
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3.1 Résumé

Les migrateurs longue distance sont soumis a une forte pression de sélection pour arriver sur leurs
aires de reproduction a un moment qui maximise leur valeur reproductive. De nombreux oiseaux
de I'Arctique commencent a nicher peu de temps aprés le retrait de la neige de leurs sites de
reproduction et le moment de la fonte des neiges peut varier considérablement dans l'aire de
reproduction des espéces ayant de grandes aires de reproduction. Nous avons testé I'hypothése
selon laquelle la phénologie de la migration des individus coexistant dans les mémes aires d’arrét
migratoire et d’hivernage sont adaptés aux conditions environnementales locales moyennes
rencontrées dans leur site de reproduction distant situé en Arctique. Nous avons prévu que le
moment de la disponibilité des sites de reproduction (mesuré ici par la date moyenne de fonte de
la neige) devrait expliquer la variation individuelle de la date de départ des aires partagées lors
d’arréts migratoires. Nous avons testé notre prévision en suivant des Pluviers bronzés (Pluvialis
dominica) nichant dans I'Arctique nord-américain. Ces pluviers utilisent une zone de non-
reproduction (hivernage) en Amérique du Sud et partagent une aire d’arrét migratoire au printemps
dans les prairies tempérées néarctiques, située a plus de 1 800 km de leurs lieux de nidification.

Etant donné que les pluviers coexistent dans les mémes zones de non-reproduction mais utilisent
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des sites de reproduction séparés en latitude et en longitude, nous pouvons distinguer les effets
confondants potentiels de la distance de migration et du moment de la disponibilité des sites de
reproduction sur le calendrier de migration individuel. Comme prévu, la date de départ des
individus faisant escale en sympatrie était positivement liée a la date moyenne de fonte de la neige
a leur lieu de reproduction respectif, laquelle était également lie a la date de I’initiation de
l'incubation des individus. La date de départ de la halte migratoire partagée n'a pas été expliquée
par la distance entre la halte et le lieu de reproduction, ni par la durée d’arrét des individus. Cela
suggere fortement que le calendrier de migration des pluviers est adapté et dicté par le moment de
la disponibilité des sites de reproduction en soi. Le mécanisme immédiat qui est responsable des
variation de la phénologie de la migration des individus est inconnu et peut résulter de différences
génétiques ou de 'apprentissage individuel. Les températures changent actuellement a des vitesses
différentes dans I'Arctique, ce qui génere probablement une hétérogénéité substantielle dans la
force de la pression de sélection sur le calendrier migratoire des oiseaux arctiques migrant de

maniére sympatrique.

Mots clés : phénologie, fonte de la neige, migrateur trans-hémispherique, oiseau arctique,

calendrier de la reproduction, pluvier bronzé.

3.2 Abstract

Long-distance migrants are under strong selection to arrive on their breeding grounds at a time that
maximizes fitness. Many arctic birds start nesting shortly after snow recedes from their breeding
sites and timing of snowmelt can vary substantially over the breeding range of widespread species.
We tested the hypothesis that migration schedules of individuals co-occurring at the same non-
breeding areas are adapted to average local environmental conditions encountered at their specific
and distant Arctic breeding locations. We predicted that timing of breeding site availability
(measured here as the average snow-free date) should explain individual variation in departure time
from shared non-breeding areas. We tested our prediction by tracking American Golden-Plovers
(Pluvialis dominica) nesting across the North-American Arctic. These plovers use a non-breeding
(wintering) area in South America and share a spring stopover area in the nearctic temperate
grasslands, located >1,800 km away from their nesting locations. As plovers co-occur at the same

non-breeding areas but use breeding sites segregated by latitude and longitude, we could
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disentangle the potential confounding effects of migration distance and timing of breeding site
availability on individual migration schedule. As predicted, departure date of individuals stopping-
over in sympatry was positively related to the average snow-free date at their respective breeding
location, which was also related to individual onset of incubation. Departure date from the shared
stopover area was not explained by the distance between the stopover and the breeding location,
nor by the stopover duration of individuals. This strongly suggests that plover migration schedule
is adapted to and driven by the timing of breeding site availability per se. The proximate
mechanism underlying the variable migration schedule of individuals is unknown and may result
from genetic differences or individual learning. Temperatures are currently changing at different
speeds across the Arctic and this likely generates substantial heterogeneity in the strength of

selection pressure on migratory schedule of arctic birds migrating sympatrically.

Keywords: phenology, snowmelt, trans-hemispheric migrant, arctic birds, timing of breeding,

American Golden-Plover.

3.3 Introduction

Long-distance migrants should adjust their spring migration schedule to arrive on their stopover
areas and breeding grounds at the time that maximizes fitness (Lack, 1968 ; Marra, 1998). Yet,
substantial variation exists in the migration timing of individuals, both within and among
populations (Briedis ef al., 2016 ; Cristol et al., 1999). For species with a broad geographical
distribution, spatial variation in temporal availability of breeding habitat could partially explain
variation in individual migration schedule, as individuals from different populations should have
different optimal timing of migration (Alerstam et Lindstrom, 1990 ; Buehler et Piersma, 2008 ;

Pedersen et al., 2018).

Studies performed on several temperate bird species provided evidence that latitudinally-separated
breeding populations vary in their migration schedules (Briedis ef al., 2016 ; Loon et al., 2017 ;
Stanley et al., 2012). Additionally, tracking data from Arctic-nesting shorebirds showed that
breeding latitude is related to the timing of migration for individuals overwintering in sympatry

(Conklin et al. 2010). Such relationships between breeding latitudes and migration schedules
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support the hypothesis that variation in the temporal availability of breeding habitat drives among

and within population variation in timing of migration.

Although breeding latitude is considered a reliable indicator of the temporal availability of breeding
habitat, differences in stopover behavior and migration schedule are typically correlated with
migration distance (Akesson et al, 2017 ; Fraser et al, 2013 ; Ketterson et al., 2015;
Rakhimberdiev et al., 2018). For example, birds breeding at higher latitudes could potentially delay
departure from non-breeding (wintering) or stopover areas to increase their body condition,
allowing them to cover longer migration distances. Moreover, latitudinally-separated breeding
populations can experience variable environmental conditions during their northward migration
when using different routes or stopover areas (e.g. Marra, 1998 ; Trierweiler et al., 2014), resulting
in different migration schedules (Clausen et al., 2015 ; Ely et al., 2018). We propose that by
comparing the migration schedule of sympatrically overwintering and migrating individuals that
have breeding locations segregated by latitude and longitude, we may be able to disentangle

potential drivers of migration schedule.

In northern ecosystems, most migratory birds start breeding shortly after snow recedes from their
breeding sites (Grabowski et al., 2013 ; Liebezeit et al., 2014 ; Rakhimberdiev et al., 2018 ;
Saalfeld et Lanctot, 2017 ; van Gils et al., 2016). Because the timing of snowmelt can vary
substantially over the breeding range of widespread species (Kwon et al., 2019 ; Niehaus et
Ydenberg, 2006), comparing migratory strategies used by a species across its breeding range can

offer insight into drivers of migration timing.

Using the American Golden-Plover (Pluvialis dominica) as a study model having large breeding
range but common overwintering and stopover areas, we tested the hypothesis that migration
schedule of individuals is adapted to average local environmental conditions encountered at their
breeding locations. American Golden-Plovers are long-distance migrants faithful to their breeding
sites located in the arctic and subarctic tundra, and the breeding range of the species is spread from
western Alaska (United States) to Eastern Nunavut (Canada) (Johnson et al., 2020a, Figure 3.1).
All individuals share a common non-breeding (wintering) area in South America, and migrate north

over the Amazon before all using a common stopover area in the nearctic temperate grasslands of
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the Midwestern United States (Johnson ef al., 2020a). Across the breeding range, the timing of nest
initiation varies substantially, ranging from late-May to early July (Weiser et al., 2018) coinciding
with the moment when breeding habitats become snow-free (Liebezeit et al., 2014 ; Saalfeld et
Lanctot, 2017 ; Smith ef al., 2010). When comparing plovers that co-occur at the same wintering
and stopover sites, we predicted that individual migration schedule is mainly linked to variation in

average snow-free date at the nesting location, and not to migration distance.
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Figure 3.1 American Golden-Plover breeding range (orange; based on Johnson et al., 2020a),
non-breeding (wintering) area (blue polygon) and last shared spring stopover area (green polygon
with yellow stripes) located in nearctic temperate grasslands of the Midwestern United States
(mostly South Dakota, Nebraska, and Kansas). Wintering and shared stopover areas were defined
with Kernel density estimation (75%) based on locations of individuals marked with light-level
geolocators (n = 23; black lines illustrate individual tracks). Purple dashed lines represent straight
lines between last location obtained for an individual and its breeding location. Birds were captured
and marked at study areas (triangles) distributed across the breeding range.
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3.4 Materials and Methods
3.4.1 Capturing and Marking Plovers

Incubating American Golden-Plovers (hereafter referred to as plovers) were trapped at seven study
areas distributed across the entire breeding range of the species (Figure 3.1). Nests were located by
searching appropriate habitats, and birds were trapped with a bownet (60 cm in diameter) placed
over their nest. Each bird was equipped with metal and plastic color bands for individual
identification and with an archival light-level geolocator (British Antarctic Survey MK 10b, weight
~1.1 g or Migrate Technology Ltd., Intigeo geolocators, W65A9RK, weight ~ 0.87 g; Figure 3.2).
The sex of the plovers was identified using breeding plumage characteristics (Johnson ef al., 2020a).
A total of 262 geolocators were deployed from 2009 to 2015, and 45 of them (~17%) were
retrieved by recapturing individuals 1—4 years after their deployment. Plovers are faithful to their
breeding sites (Johnson ef al., 2020a). We detected marked individuals during subsequent nesting
seasons by conducting visual surveys in each study area. Distance between nest locations of marked
individuals monitored more than 1 year was 319 m on average (range 54—1,119 m; n =22). Spring
migration paths (from “wintering” to breeding sites) were obtained for 23 plovers. A total of 1-11
geolocators were recovered per study area: Alaska: Nome, n = 2; Ikpikpuk River, n = 1; Alberta:
Caw Ridge, n = 1; Manitoba, Churchill, » = 3; Nunavut: Coats Island, n = 1; Igloolik, n = 4; Bylot
Island, n = 11 (Figure 3.1). Sampled individuals were from different breeding pairs. Birds were
also equipped with tags at Utqiagvik (Alaska, 71.287 —156.744, ~110 km North-West of Ikpikpuk
river — Figure 3.1), but geolocation information for the northbound trip was insufficient to be

included in this study.
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Figure 3.2 Breeding American Golden-Plover equipped with leg bands and a geolocator (left
tibiotarsus). Photos by Andréanne Beardsell (left) and Felicia Sanders (right).

3.4.2 Processing Geolocator Data

Light data were converted into locations (latitude and longitude) using a multi-step approach. As
light data output is different between models of geolocators, we used device-specific light
thresholds (three for British Antarctic Survey geolocators and two for Intigeo geolocators) to
identify sunrise and sunset (after Finch et al., 2015). Light data were analyzed using the R package
GeoLight 2.0 (Lisovski et al., 2015). Night-time light noise was reduced using the lightFilter
function of GeoLight 2.0. We identified residency and movement periods with the ChangeLight
function of GeoLight 2.0 (quantile = 0.9, minimum residency length = 2 days). We performed a
rooftop calibration and used the derived sun elevation angle [mean = —6.76° (range: —7.33,
—4.17), n = 16] to initiate the Hill-Eckstrom method to obtain residency site-specific sun elevation
angles in order to increase location estimate accuracy. When no sun elevation angle could be
obtained by either rooftop or Hill-Eckstrom calibration, civil twilight was used (i.e.,—6°, n = 7).

We applied a loess filter (k= 2) using the loessFilter function of GeoLight 2.0 to remove outliers.

Following Hobson & Kardynal (2015), each migratory path was smoothed with a state-space
Kalman filter and the most probable path was obtained with kftrack (Sibert et Nielsen, 2002) in R.
Kalman filtering reduces observer bias when dealing with raw location estimates obtained with
geolocators and provides the most probable track from location data (Gow, 2016 ; Hobson et

Kardynal, 2015). Estimated flight speeds of American Golden-Plovers vary widely (see Johnson
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et al., 2020a). To set the diffusion component of the model, we used a relatively high flight speed
estimate (104.6 km/h, Johnson et Morton, 1976), which corresponds to a maximum of 2,510 km
per day. Kftrack uses an asymmetric error structure peaking on the winter side of the equinoxes,

which is typical for geolocator data.

3.4.3 Migration Parameters

We performed a visual inspection of each animal track to assign a geographic designation to each
cluster of points when movements were reduced, became erratic and lost directionality (e.g.,
staging or stopover site). The wintering area corresponded to the southernmost site used by
individuals, while the last shared stopover corresponded to an area in the Midwestern United States
in which all individuals showed limited movements before resuming their northward movement.
Departure date was the date of the first location out of an area for birds initiating unidirectional
northward movement, and arrival date at the last stopover was the date of the first location within
the stopover area. Stopover duration was the difference between departure and arrival date at the
last shared stopover area. The size of wintering and shared stopover areas were summarized with
Kernel Density Estimation (75%) with the kde function in the R package ks (Duong et al., 2021)
by pooling locations obtained from all individuals. Arrival date at the nesting location and
migration routes used during the final leg of migration could not be determined for most birds with
geolocators because areas above the Arctic Circle receive 24 hour of sunlight in the summer. The
distance from the last shared stopover area and the nesting location of each individual was
calculated using the geodesic distance (Hijmans et al., 2015) between the last location of a given
individual within the stopover area prior to the northward departure and the nest location. Total
distance of spring migration was estimated by measuring the sum of geodesic distances from the

wintering area to the breeding site via the centroids of all stopover areas.

3.4.4 Breeding Parameters

Nest searching was conducted during egg laying and early incubation. The onset of incubation was
estimated using the observed laying or hatching date (Brown et al., 2014), or using egg floatation
if necessary (accurate to within =4 days; Liebezeit et al., 2007). We also used light data patterns

provided by geolocators to confirm the first nesting attempt and to identify onset of incubation for
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individuals lacking nest monitoring data (n = 9). As an incubating bird shades the leg-mounted
geolocator, a dramatic shift toward more dark periods (i.e., geolocators recording shorter day
lengths) after a gradual increase in day length (associated with birds’ northward migration toward
areas of longer day length) indicated the start of incubation (see Bulla et al. 2016). The onset of
incubation estimated using light data was highly correlated with estimates based on nest monitoring

data (r=0.83, p < 0.001, n = 13 birds for which estimates were obtained using both methods).

3.4.5 Breeding Site Availability

Plovers are ground nesters and thus require snow-free patches to build their nests and to access
their main food source (surface-active arthropods), allowing them to produce and lay eggs
(Byrkjedal et Thompson, 1998 ; Hobson et Jehl Jr, 2010). As a proxy of breeding site availability,
we used the average snow-free date (from 2001 to 2015) from a 500 m resolution map produced

with MODIS for North America (data from O’Leary et al., 2017).

Snow-free date can vary spatially, even within a given breeding area, and hence we used data
obtained near each plover’s nesting site. Although snowmelt patterns were recorded in the field at
some study areas, they were not available for specific nesting locations or were obtained using

different protocols. Hence, we used standardized remote sensing data for consistency.

3.4.6 Analysis

We built linear mixed models using the R package Ime4 (Bates et al., 2015), in association with
the R package blme (Chung et al., 2013), when singularity was detected, to investigate the
relationships between timing of spring migration and breeding site availability (explanatory
variable: average snow-free date from 2001 to 2015 at nesting location). Our response variables
representing timing of spring migration included: (a) departure date from the wintering ground, (b)
arrival date at the last shared stopover area, and (c) departure date from the last shared stopover
area. Year was included as a random factor. Although migration parameters can differ between
sexes in some plover species (Byrkjedal et Thompson, 1998), our limited sample size (12 males,
three females and eight individuals with unknown sex) prevented us from adding sex as a covariate

in the model. We report on models with all individuals because the model results for the male-only
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sample did not differ. Outliers were identified with Grubbs’ test (p < 0.05, R library outliers;
Komsta, 2011). When relevant, we used the methods described by Nagakawa and Schlielzeth (2013)
to calculate the amount of variance explained by the fixed effects only (Marginal R?: R?m) and the
entire model (Conditional R?: R%¢). All correlations presented are Pearson correlation coefficients
(r). All values are presented with 95% confidence intervals (CI) unless specified otherwise and we
used the day of year (day 1 = January 1st) to report migration schedules. All analyses respected the
assumptions of normality and homoscedasticity of residuals (Zuur, 2009) and were performed

using R version 3.5.3(R Core Team, 2019).

3.5 Results

Plovers departed from their wintering area between late January and mid-March [median day of
year — hereafter DOY: 54, range: (28, 74), n = 23]. All American Golden-Plovers in this study used
a last shared stopover area in the nearctic temperate grasslands of the Midwestern United States
(Figure 3.1). This last shared stopover area was mostly located in South Dakota, Nebraska, and
Kansas. Arrival dates to the last shared stopover area were between early April and mid-May
[median DOY: 133, range: (106, 142), n= 23, Figure 3.3]. Individuals had stopover lengths
ranging from 2 to 22 days (median: 8 days, n = 23) at the shared stopover area. Departure dates
from the last shared stopover area were between early-May and late-May [median DOY: 142, range:
(123, 148), n = 23]. The average snow-free date at individual nesting locations ranged from late-
May to late-June [median DOY: 168, range: (142, 179), n = 23]. The onset of egg incubation
ranged between late-May and early-July [median DOY: 169, range (148, 183) n =23]. The distance
between the last shared stopover area and the nesting location varied from 1,836 km to 4,788 km
(mean = 3,263 km, n =23) and was correlated with the latitude of the nesting location (» = 0.59, p <
0.01, n = 23). This distance was not correlated with the average snow-free date at the nesting
location (r= 0.19,p= 0.4, n= 23). This remaining distance to reach the breeding ground
represented between 14 and 35% (mean: 25%) of the total estimated spring migration, which varied
from 11,094 km to 13,956 km (mean: 12,695 km; individual tracks are illustrated in Figure 3.1).
The individual’s onset of incubation was correlated with the nesting location latitude (» = 0.77, p <
0.001, n = 23) and positively related to the average snow-free date at the nesting location [ 0.56,
CL: (0.45, 0.69), n= 23, R?m = 0.52, R%c = 0.92]. The average number of days between nest

initiation date and mean snow-free date at the nesting locations was 5.2 [CI: (1.9, 8.4), n = 23].
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Figure 3.3 Relationships between timing of breeding site availability (mean snow-free date)
and (A) departure date from the non-breeding (wintering) area, (B) arrival or (C) departure date
from the last shared stopover site in the nearctic temperate grasslands of the Midwestern United
States in tundra nesting American Golden-plover. To help visualize geographical relationships,
axes were transposed. Colors indicate the onset of incubation for each individual (n = 23). A slight
neutral offset was added to overlapping points to facilitate interpretation. Day 1 = January 1st. “*”
signifies an outlier (Grubb’s test, p < 0.05, see section “Materials and Methods”).

The departure date from the wintering grounds was not related to the average snow-free date at the
nesting location of an individual [B: 0.01, CI: (=0.53, 0.55), n = 23, Figure 3.3]. The arrival date at
the last shared stopover area was positively related to the average snow-free date at the nesting
location [B: 0.25, CI: (0.03, 0.50), n =23, R?m = 0.16, R?c = 0.35, Figure 3.3]. However, an outlier
was identified using Grubb’s test (Figure 3.3). After removing the outlier, we only detected a
marginal positive relationship as the confidence interval on the slope overlapped zero [8: 0.18, CI:
(-0.001, 0.32), n =22, R?m = 0.15, R%c = 0.35, Figure 3.3]. The departure date from the last shared
stopover area was positively related to the average snow-free date at the nesting location [B: 0.25,
CI: (0.11,0.40), n =23; R>m =0.31, R?c = 0.57, Figure 3.3]. The relationship remained strong after
removing the same individual again identified as an outlier [B: 0.22, CI: (0.11, 0.34), n =22, R’>m
=0.37, R%c = 0.59]. Sample size was too low to rigorously test for annual variation in the observed
relationship. However, analyses performed separately for a few years with more data points yielded

to very similar results (see Annexe C).

The stopover duration was longer for individuals arriving earlier at the shared stopover [B: —0.51,
CI: (-0.73, —0.29), n = 23]. However, it was not related to the distance between the last shared
stopover and the nesting location [B: 0.001, CI: (—0.002, 0.003), » = 23], nor to snow-free date at
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the nesting location [B: 0.04, CI: (—0.14, 0.22), n = 23]. The departure date from the last shared
stopover area was also independent of the remaining distance to reach the nesting location [B:
—0.001, CI: (—0.004, 0.002), n = 23], even when removing the outlier [B = 0.000, CI: (=0.002,
0.002)]. Finally, the distance between the stopover and nest location was unrelated to the onset of

incubation of individuals [B: 50.35, CI: (—26.11, 91.34), n = 23].

3.6 Discussion

By tracking individual plovers breeding across a broad geographic range, our study provides strong
evidence that the migration schedule of long-distance migrants stopping-over in sympatry is
adapted to and driven by the timing of breeding site availability per se. Indeed, we found that
departure time from the last shared stopover area in the Midwestern United States was positively
associated with our index of the temporal availability of breeding sites (average snow-free date at
the individual nesting location), but that departure from the non-breeding (wintering) area was not.
Thus, individuals nesting in areas available earlier within the species’ breeding range departed
earliest from the final shared stopover area, which is located 1,836—4,788 km away from their
nesting locations. The temporal availability of breeding resources is expected to affect the optimal
timing of migration in long-distance migrants (Alerstam et Lindstrom, 1990 ; Pedersen et al., 2018).
Neither stopover duration nor distance from stopover to breeding locations explained individual
variation in departure date. Hence, we can exclude the potential confounding effects of migration
distance, which is typically correlated with breeding latitude (Briedis ef al., 2016 ; Loon et al.,
2017 ; Stanley et al., 2012). The proximate mechanism underlying the shifted migration schedule
of individuals breeding at nesting locations available earlier is unknown and may result from

genetic differences or individual learning (see below; Akesson et Helm, 2020).

Our study indicates that only the last leg of the spring migration is shifted temporally for individuals
using breeding sites available at different times. This result differs from previous studies that
documented a shift in the departure date from non-breeding (wintering) areas or differences in
stopover duration (Flycatcher: Briedis et al., 2016 ; Godwit: Conklin ef al., 2010). Such differences
among species could be explained by constraints faced during spring migration. Birds crossing
major obstacles with limited possibilities to refuel en route may be more constrained during

migration and may have to time their entire spring migration schedule to coincide with breeding
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site conditions (Conklin et al., 2010). Species facing fewer resource-constrained environments
during migration, like American Golden-Plovers migrating mostly overland, may have the ability
to exhibit more flexibility in migration schedules (Cornelius et al., 2013). Indeed, American
Golden-Plovers can likely refuel regularly and adjust spring migration speed from the non-breeding
areas to their last major stopover area in the nearctic temperate grasslands. Interestingly, the
departure time from the non-breeding area seems negatively related to the breeding site latitude in
the Pacific Golden-Plover (P. fulva), with birds wintering farther south and nesting later at higher
latitudes, leaving their wintering areas earlier (Johnson et al., 2020b). Although this species is
similar to the American Golden-Plover, it has a different migratory context and constraints,
including a section of the migration over the Pacific Ocean, as well as population specific migratory

routes and wintering locations (Johnson et al., 2020b).

A key step to unravel processes driving migratory movements involves determining the influence
of endogenous control mechanisms that allows for optimal scheduling through the annual cycle
(Robinson et al., 2010). Little is known about how migration schedules develop within individuals,
and we still need to disentangle the effect of the environmental component from the genetic
components (van Noordwijk et al., 2006). Although departure time from the last shared stopover
areas could be partly inherited in American Golden-Plovers stopping-over in sympatry, we cannot
exclude the possibility that individuals adjust their migration schedule based on their early life
experience and past years breeding attempts (Akesson et Helm, 2020 ; Mueller et al., 2013). Our
study does not allow us to disentangle the potential role of such mechanisms. However, there is
little support for the idea that individuals can learn from previous experience to better time nest

initiation with snowmelt on the breeding grounds in shorebirds (Saalfeld et Lanctot, 2017).

If the timing of migration is inherited and adapted to the average timing of snowmelt at individual
nesting locations, we could expect that a relatively high level of philopatry is required for such
local adaptation to evolve as high gene flow could prevent local adaptation (Postma et
van Noordwijk, 2005). Adult American Golden-Plovers, especially males, are faithful to their
breeding area and usually return to the same breeding territory every year (Johnson et al., 2020a).
High natal philopatry has been observed in some bird species (Wheelwright et Mauck, 1998) but

the information available to date on American Golden-Plovers indicates low rates of natal

77



philopatry (Saalfeld et Lanctot, 2015) and juvenile dispersal remains poorly documented (Johnson
et al., 2020a). Under rapidly warming climatic conditions, if the rate of adjustment of migration
schedule is not fast enough to follow environmental changes on the breeding grounds (Berteaux et
al., 2004), dispersing individuals could have higher individual fitness if they could track suitable

climatic breeding conditions (Visser, 2008).

Temperatures are rising faster in polar regions than anywhere else on earth (Hodgkins, 2014 ;
Intergovernmental Panel on Climate Change, 2018), leading to earlier, warmer, and longer
summers (Richter-Menge et al., 2019). Under a warmer climate, snowmelt advances (Eythorsson
et al., 2019) with potential cascading effects on the timing of resource availability and reproductive
events for arctic-nesting birds (McGuire et al., 2020 ; Saalfeld et Lanctot, 2017). However, the
timing of snowmelt is advancing at different rates across the Arctic and a range-wide cline in the
level of advancement in breeding resource availability is expected (Kwon et al., 2019). If the
variation in the migration schedule of individuals co-occurring at the same non-breeding stopover
areas is partly caused by genetic differences, we should expect substantial intraspecific
heterogeneity in the strength of selection pressure on timing of migration. Our study helps to
identify one critical phenological event that should be under strong selection (i.e., the schedule of
the last northward migration segment) for the American Golden-Plover. We expect a stronger
selection pressure for an earlier departure in breeding populations located in Alaska and western
Canadian Arctic, where a rapid increase in temperature could speed up snowmelt compared to
populations breeding in northeastern Canada (Bush et Lemmen, 2019 ; GISTEMP Team, 2021 ;
Lenssen et al., 2019). The ability for shorebirds to adapt and cope with rapid environmental
changes currently occurring in the Arctic is poorly known. A better knowledge of their ability to
learn from previous experiences and of the level of heritability of critical phenological events is

needed.

3.7 Data Availability Statement

The datasets (animal tracks and metadata) for this study can be found in the Movebank repository
[Movebank ID: 1454359936, Study Name: American Golden-Plover (Pluvialis dominica)

migration from breeding range wide individuals].
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CHAPITRE 4
CONCLUSION

4.1 Contexte

Les variations dans I’abondance d’une espéce peuvent étre expliquées par plusieurs facteurs. La
perte ou la fragmentation d’habitat, la surexploitation, la co-extinction, I’introduction d’espéce
exotique ou de pathogene, la prédation, la pollution et les changements climatiques peuvent par
exemple contribuer a affecter négativement une espece et entrainer des changements d’effectifs de
population (Cardoso et al., 2020 ; Dirzo et al., 2014). Les changements environnementaux
engendrent des variations des conditions environnementales inégales a I’échelle de la plancte
(IPCC, 2022). Le niveau de complexité des études portant sur la dynamique de population
augmente donc en fonction de 1’espace utilisé par une espece, ce qui représente un défi lorsqu’on
veut comprendre les facteurs influencant la dynamique de population des espéces migratrices

(Northrup et al., 2019 ; Wilcove et Wikelski, 2008 ; Woodworth et al., 2017).

4.2  Originalité de I’étude

Le premier chapitre présente des données issues d’observations et d’une expérience réalisées en
milieu naturel a I’échelle du paysage. Cette étude représente une rare démonstration expérimentale
qui illustre les interactions indirectes entre des especes de proies migratrices qui partagent des
prédateurs communs durant une partie de leur cycle annuel. L’expérience de nids artificiels réalisée
dans le cadre de cette étude a permis d’éliminer I’effet de facteurs confondants potentiels
typiquement associés au suivi des nids naturels (comme les soins parentaux, 1’age ou la condition
des parents). Cette approche est aussi originale puisqu’elle permet d’estimer de fagon standardisée
le risque de prédation sur les nids d’oiseaux dans différents contextes écologiques, incluant des
secteurs ou la densité de nids naturels n’est pas suffisante (faible taille d’échantillon) pour obtenir

des estimations précises de taux de prédation.

Le deuxieme chapitre présente la premiére quantification de la connectivité migratoire a 1'échelle
de l'aire de répartition de l'espéce; une information critique qui est peu connue chez la plupart des

animaux migrateurs (Vickers et al., 2021). En effet, la plupart des études qui s’intéressent a la
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connectivité migratoire utilisent un nombre de sites de reproduction limité, souvent li¢ a des
contraintes logistiques, étant donné la complexité de mener des campagnes de terrain en parallele
a plusieurs sites a la fois. Nous nous sommes appuyés sur I’existence d’un réseau international de
sites d’étude qui a été mis en place afin d’étudier les parametres démographiques des oiseaux de
rivage a travers 1’Arctique et avons fourni des équipements a déployer sur les pluviers a travers
I’aire de répartition de 1’espéce. Globalement, la réalisation de cette étude représentait un défi
logistique considérable. De plus, notre étude est I'une des premicres a évaluer la variation
temporelle de la connectivité migratoire a 1'aide du coefficient de corrélation de Mantel (rv) a une
résolution fine (Knight et al., 2021 ; Korpach et al., 2022). De telles descriptions de 1'utilisation de
l'espace tout au long de 'année, couplée a une quantification de la connectivité migratoire a travers
le temps, fournissent des informations de grande qualité pour identifier les sites d’importance. De
plus, cette approche permet d’identifier a quelle échelle (population, espeéce) une perturbation

affecte la dynamique des populations.

Dans le cadre du troisiéme chapitre, nous avons utilisé la date moyenne de la fonte de la neige
obtenue a partir de I'imagerie satellitaire afin d’associer la disponibilité de I’habitat de nidification
des individus avec la phénologie de leur migration (données provenant de O’Leary et al., 2017).
Les données acquises par la télédétection sont de plus en plus utilisées dans les études sur la
phénologie des organismes vivants et permettent d’obtenir des informations standardisées a
relativement fine résolution spatio-temporelles sur différents paramétres environnementaux (Park
etal.,2021). La latitude du lieu de reproduction est généralement considérée comme un indicateur
fiable de la disponibilité¢ temporelle de I'habitat de reproduction et a été utilisée dans des études sur
la phénologie de la migration des oiseaux (Briedis et al., 2016 ; Conklin et al., 2010 ; Tonra et al.,
2019). Cependant, les différences dans la phénologie de la migration sont souvent liées a la distance
de migration (Akesson et al., 2017 ; Fraser et al., 2013 ; Ketterson et al., 2015 ; Rakhimberdiev et
al., 2018) ce qui complexifie I'interprétation des résultats. Notre jeu de données offrait une rare
opportunité de recherche. En effet, les pluviers suivis étaient retrouvés en sympatrie pendant une
partie de la période non reproductrice, mais utilisaient des sites de reproduction répartis a la fois le
long d’un gradient latitudinal et longitudinal. Ceci nous a permis de séparer les effets relatifs de la

distance de migration et de la phénologie de la disponibilité des sites de reproduction sur la
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phénologie de la migration des individus. A notre connaissance, notre étude est la premicre a

départager I’effet de ces variables confondantes typiquement reliées a la latitude.

4.3 Résultats principaux

Les résultats présentés dans le premier chapitre démontrent que pendant la saison de reproduction,
les colonies d’oies réduisent I’espace offrant de plus faibles risques de prédation dans la toundra
arctique. La prédation joue un rdle trés important dans le réseau trophique arctique (Béty ef al.,
2002 ; McKinnon et al., 2013 ; Morrissette et al., 2010 ; Nolet et al., 2013) et I'évitement de la
prédation a été identifié comme un facteur explicatif potentiel de la répartition de certaines especes
d’oiseaux de rivage nichant dans I'Arctique (Gilg et Yoccoz, 2010 ; Léandri-Breton et Béty, 2020 ;
McKinnon et al., 2010a). Les travaux du premier chapitre fournissent les premiéres évidences
expérimentales que les prédateurs partagés entre les limicoles et d’autres espéces de proies peuvent
influencer leur occurrence dans le paysage arctique (voir aussi Duchesne et al., 2021). Ainsi, nos
résultats indiquent que le paysage du risque de prédation dans I'Arctique peut étre 1ié par des
événements qui surviennent dans des écosysteémes situés a des milliers de kilométres (acces a des
ressources alimentaires qui favorisent la survie hivernale des oies et la croissance de leurs
populations aux aires de nidification). Cela refléte une autre dimension complexe de 1’effet des

changements globaux sur la biodiversité.

Le chapitre 2 présente les résultats des suivis d’individus marqués sur les sites de reproduction
répartis dans l'aire de reproduction d’une espéce et fournit des informations détaillées sur
I'emplacement des sites d’arrét migratoire et sur les routes migratoires utilisées par les Pluviers
bronzés. En considérant a la fois le temps et 1’espace, nous avons démontré que les individus issus
de populations reproductrices ¢loignées sont bien mélangés pendant la majeure partie de la période
non reproductrice, ce qui correspond a une faible connectivité migratoire. Durant la premiére partie
de la période de non-reproduction, nous avons pu mettre en évidence une diminution temporelle
apparente de la proportion de jours pendant lesquels les individus nichant a proximité les uns des
autres étaient plus proches les uns des autres. Bien que les individus étaient bien mélangés apres la
migration automnale, nous avons également démontré qu'une structure spatiale non aléatoire peut
réapparaitre a la fin de la période de non-reproduction. Chez le Pluvier bronzé, cela peut représenter

un léger regroupement d'individus nichant pres les uns des autres et migrant a un rythme légerement
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différent au cours de la derniére étape de la migration printaniére. Etant donné que les populations
reproductrices distantes de Pluviers bronzés ont été regroupées pendant la majeure partie de la
période de non-reproduction, cela suggere que les facteurs de stress survenant au cours de cette
période pourraient avoir un impact égal sur toutes les populations. Aussi, comme tous les individus
peuvent occuper un méme espace restreint durant la méme période, I'espéce peut étre plus a risque
face a des changements environnementaux rapides et intenses survenant au site d'hivernage ou dans
les haltes migratoires qui sont partagés par la majorité des individus d’une espece (Briedis et Bauer,
2018). Ces informations sont absolument critiques pour prioriser des décisions de conservation, tel
que la protection de certaines haltes migratoires utilisées par toutes les populations reproductrices
et la réduction du dérangement a des moments ou la majorité des individus de 1’espéce sont

regroupés (Rosenberg et al., 2019 ; Somveille et al., 2021 ; Webster et al., 2005).

Finalement, I’étude présentée au chapitre 3 utilise des données de suivi d’individus se reproduisant
dans une grande aire de répartition. Les résultats montrent que la phénologie de la migration des
oiseaux migrateurs longue distance utilisant des sites d’arrét migratoire en sympatrie est déterminée
par le moment de la disponibilité des sites de reproduction. En effet, nous avons constaté que la
date de départ de la derniére halte partagée située dans le Midwest des Etats-Unis était positivement
associée a la disponibilité temporelle des sites de reproduction (date moyenne de fonte de la neige
au site de nidification individuel). Toutefois, le départ de la zone d’hivernage ne I'était pas. Ceci
indique que seule la phénologie de la derniére étape de la migration printaniére est ajustée pour les
individus qui utilisent des sites de reproduction disponibles a des moments différents. Ce résultat
différe d’études précédentes qui ont rapporté un changement dans la date de départ des zones
d’hivernage ou des différences dans la durée des escales en fonction de la latitude (Moucherolle :
Briedis et al., 2016 ; Barge : Conklin et al., 2010). De telles différences entre les espéces pourraient
entre autres s'expliquer par les contraintes rencontrées lors de la migration printaniére. Les oiseaux
traversant des obstacles majeurs avec des possibilités limitées de s’alimenter en cours de route
peuvent étre plus contraints pendant la migration. Toute la phénologie de la migration printaniere
devrait alors étre ajustée pour que 1’arrivée au site de reproduction corresponde avec la date de
disponibilité des sites ou avec la disponibilité des ressources (Conklin et al., 2010). Les espéces
utilisant des environnements aux ressources moins limitées pendant la migration, comme les

Pluviers bronzés qui migrent principalement par voie terrestre, peuvent avoir la capacité de faire
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preuve de plus de flexibilité dans le calendrier de leur migration, du moins pour une bonne partie

du trajet migratoire (Cornelius et al., 2013).

Les travaux issus de cette theése ont identifi¢ plusieurs facteurs ayant des effets potentiellement
négatifs sur les pluviers bronzés. En effet, nos résultats démontrent que les oies surabondantes
exacerbent les risques de prédations sur les nids d’oiseaux de rivage de par le biais de prédateurs
partagés. De plus, les pluviers nichant a des sites de reproduction isolés sont bien mélangés durant
la majorité de ’année a des sites limités spatialement sujets a des changements locaux. Finalement,
la derniere partie de la phénologie de la migration est ajustée avec la disponibilit¢ du site de
reproduction. Cette disponibilité est représentée par la date de fonte de la neige qui est sujette a
changer avec les changements globaux. Bien que ces résultats semblent démontrer que les pluviers
bronzés font face a certains risques, la grande taille de leur population, la grande aire de
reproduction, leur utilisation d’habitats terrestres et leur diéte généraliste font en sorte que I’espece
est probablement moins vulnérable que certaines autres espéces (Clay et al., 2009 ; Faria et al.,

2018 ; Johnson et al., 2020a).

4.4 Limites de la recherche

La diminution du risque de prédation a mesure qu’on s’éloigne de la colonie d’oies démontrée dans
notre étude (chapitre 1) est cohérente avec les observations de McKinnon et al. (2013) qui montrait
une relation positive entre la densité des nids d'oies et le risque de prédation au sein de la colonie
d'oies. Une quantification de la variation spatiale du taux de prédation sur les vrais nids d'oiseaux
de rivage aurait possiblement renforcé nos principales conclusions. Cependant, les contraintes
logistiques sur le terrain, combinées a la faible densité d'oiseaux de rivage nicheurs, nous ont
empéchés de surveiller un nombre adéquat de vrais nids a l'intérieur et a I'extérieur de la colonie
d'oies. D’autre part, nos expériences de nids artificiels ne se déroulaient que sur une période limitée
de 48h alors que les nids réels sont exposés a la prédation sur de plus grandes périodes chez la
majorité des oiseaux qui nichent au sol en Arctique. En effet, typiquement, le temps d’incubation
chez les especes nidifuges est de 20 a 26 jours. Il aurait été souhaitable de faire des expériences
donnant un temps d’exposition a la prédation plus long. Le temps d’exposition choisi était basé sur

des travaux antérieurs (McKinnon ef al., 2013) et représentait un compromis permettant de
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quantifier rapidement le risque de prédation afin de couvrir en peu de temps un gradient spatial

autour de la colonie d’oies.

Les équipements que nous avons utilisés pour obtenir les données de migration des pluviers pour
les chapitres 2 et 3 ont une résolution relativement faible (~200km, Lisovski et al., 2020).
Considérant I’ampleur du mouvement migratoire des Pluviers bronzés allant d’environ 23 000 km
a 30 000 km par année, I’erreur de I’équipement est relativement négligeable, mais pourrait étre un
enjeu dans les études visant des espéces effectuant des migrations de moindre ampleur. Ces
équipements dépendent de la longueur du jour et de la nuit pour estimer les localisations ce qui fait
en sorte que les données spatiales sont de faible qualité dans les périodes centrées sur les équinoxes.
Bien que I’espece cible de notre étude migre durant les équinoxes a 1’automne et au printemps, il
nous a été possible de reconstituer des tracés migratoires relativement complets. Il est toutefois
possible que des arréts migratoires n’aient pas été détectés. L’emploi d’autres technologies de suivi,
plus précises et offrant des positions durant les équinoxes, serait a prioriser pour mettre en lumiere
I’utilisation de ’espace et des habitats a fine résolution spatiale durant la migration et la période
d’hivernage. Ce type d’information risque d’étre primordial pour préciser les limites des zones a

forte valeur écologique.

4.5 Perspectives de recherche

Nos travaux ont révélé un effet négatif d’une colonie d’oies sur des limicoles. Cependant, I'impact
global de l'augmentation des colonies d'oies sur la dynamique des populations d'oiseaux de rivage
reste a quantifier. Cet effet des colonies d’oies pourrait étre important étant donné que les trois
populations d'oies des neiges sont désignées comme surabondantes au Canada et que leur
population reproductrice dans I'Arctique canadien dépasse actuellement 15 millions d'oiseaux
(Alisauskas et al., 2011). Parallélement, plusieurs especes d'oiseaux de rivage arctiques ont subi
d'importants déclins de population au cours des dernieres décennies (Deinet ef al., 2015 ; Morrison
et al., 2006 ; Smith et al., 2020). Ainsi, il semble critique d'évaluer le role spécifique des oies
surabondantes sur la biodiversité dans 1’ Arctique, en considérant a la fois des effets indirects via la
prédation et 1’effet du broutement sur 1’habitat de nidification des autres especes (Flemming et al.,
2019 ; Smith et al., 2020). Bien que la présente étude se soit concentrée sur la présence d'espéces

d'oiseaux de rivage, les modéles observés de risque de prédation pourraient étre généralisés a
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d'autres espéces d'oiseaux vulnérables nichant dans la toundra. D'autres recherches sur la
répartition et I'abondance des especes d'oiseaux et de mammiferes de la toundra a l'intérieur et
autour de la colonie ont suivi les travaux du premier chapitre et permettent d’évaluer les impacts
des oies sur la biodiversité locale (Duchesne et al., 2021). Bien que certains travaux a large échelle
sur ’impact des colonies d’oies ont suivi la publication du premier chapitre de cette these
(Flemming et al., 2019), des protocoles standardisés pour mesurer le risque de prédation (i.e. des
expériences de nids artificiels) pourraient étre appliqués sur différents sites de terrain dans
I'Arctique, a l'intérieur et autour des colonies d'oies pour mieux mesurer le risque de prédation en
fonction des différents contextes régionaux. Cela permettrait de raffiner notre compréhension de

l'impact des oies a grande échelle spatiale sur la biodiversité.

Les pluviers, lors de leur migration automnale, utilisent presque tous une route transatlantique.
Dans le cadre de la thése, certains sites migratoires et d’hivernage utilisés par des pluviers bronzés
n'étaient pas ou peu connus, comme la Péninsule de Foxe située dans 1'est de 1'Arctique canadien.
Ce site pourrait représenter une escale critique, car il est utilisé juste avant de prendre une route
transatlantique pour atteindre 1'Amérique du Sud. Il serait pertinent d’entreprendre des travaux a
cette halte migratoire afin de documenter 1’utilisation de 1’espace et des habitats a une échelle plus
fine, ainsi que le comportement d’alimentation des pluviers, leur condition physiologique et

I’abondance de ressources alimentaires.

Il est anticipé que les systémes atmosphériques vont probablement s’intensifier avec les
changements climatiques (Cherchi et al, 2018 ; He et al, 2017). Conséquemment, il serait
pertinent d’évaluer comment ces conditions atmosphériques peuvent faciliter ou nuire a la
migration et la mortalité des Pluviers bronzés. En effet, la migration se déroule souvent durant la
saison des ouragans et des tempétes tropicales, ce qui permettrait de relier le comportement
migratoire et la survie des individus avec les systémes atmosphériques rencontrés (Guéry et al.,
2019). Ces relations pourraient étre particulierement critiques lors des périodes ou les individus

utilisent des routes transatlantique ou transpacifique.

Nos résultats suggérent que le Midwest des Etats-Unis est une escale cruciale pour les pluviers

durant la migration printaniére. Les groupes de pluviers utilisent des champs agricoles dans le
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Midwest des Etats-Unis ou les proies sont abondantes et accessibles en raison des pratiques
agricoles actuelles (Stodola er al., 2014). Les changements de pratiques (par exemple, une
augmentation du drainage) pendant une période critique du cycle annuel des pluviers pourraient
donc induire des effets négatifs sur toutes les populations de 1’espece (Stodola et al., 2014). La
thése met ainsi en lumiére la vulnérabilité a des perturbations locales chez une espéce ayant une

vaste répartition géographique durant la saison estivale.

Une forte philopatrie natale a été observée chez certaines especes d'oiseaux (Wheelwright et Mauck,
1998), mais les informations disponibles a ce jour sur les Pluviers bronzés indiquent de faibles taux
de philopatrie natale (Saalfeld et Lanctot, 2015). La dispersion des juvéniles pluviers reste a ce jour
peu documentée (Johnson et al., 2020a). Dans des conditions de réchauffement climatique rapide,
le taux d'ajustement de la phénologie de la migration pourrait ne pas €tre assez rapide pour suivre
les changements environnementaux sur les aires de reproduction. Ainsi, les individus qui se
dispersent vers de nouveaux sites de reproduction pourraient avoir une valeur adaptative plus
¢levée s'ils arrivent a trouver des conditions plus propices a leur survie et reproduction (Visser,
2008). Il semble donc important de mieux documenter les patrons de dispersion des juvéniles par
rapport a leur lieu de naissance afin de mieux comprendre leur potentiel d’adaptation au

réchauffement.

Si la variation de la phénologie de la migration que nous avons observée chez les pluviers est en
partie causée par des différences génétiques, nous devrions nous attendre a une hétérogénéité
intraspécifique substantielle dans la force de la pression de sélection sur le moment de la migration.
En effet, notre étude a identifié un événement phénologique critique qui devrait faire 1'objet d'une
forte sélection (c'est-a-dire la date du dernier segment de migration vers le Nord) pour le Pluvier
bronz¢. L augmentation rapide de la température devrait accélérer la fonte des neiges de fagon plus
importante en Alaska et dans 1'ouest de I'Arctique canadien (Bush et Lemmen, 2019 ; GISTEMP
Team, 2021 ; Lenssen et al., 2019). On s'attend conséquemment a une pression de sélection plus
forte pour un départ plus tot chez les populations reproductrices situées en Alaska et dans 1'ouest

de I'Arctique canadien par rapport aux populations se reproduisant dans le nord-est du Canada.
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Les processus a l'origine des mouvements migratoires pourraient étre issus de mécanismes de
controle endogénes qui permettent une programmation optimale des étapes du cycle annuel des
individus (Robinson et al., 2010). 1l serait important de définir de quelle maniére la phénologie de
la migration se développe chez les individus, et essayer de distinguer 1'effet de I’environnement et
I’effet de différences génétiques (van Noordwijk et al., 2006). Bien que la date de départ des
derniéres aires de repos partagées puisse €tre en partie héritée chez les pluviers, nous ne pouvons
pas exclure la possibilité que les individus ajustent leur calendrier de migration en fonction de
I’expérience acquise lors des migrations précédentes (Akesson et Helm, 2020 ; Mueller et al.,
2013). Notre étude ne permet pas de déméler le role potentiel de tels mécanismes. Cependant 1'idée
que les individus puissent apprendre d'expérience précédente pour mieux synchroniser l'initiation
des couvées avec la phénologie de la fonte des neiges sur les aires de reproduction est peu supportée

par la littérature chez des oiseaux de rivage jusqu’a ce jour (Saalfeld et Lanctot, 2017).

Les travaux issus de cette thése contribuent a fournir un peu plus d’informations sur la vulnérabilité
des oiseaux de rivage aux changements environnementaux qui se produisent actuellement dans
I'Arctique et ailleurs sur la planéte, et a leur capacité de s'adapter a ces changements. Il est important
de continuer de faire des suivis écosystémiques au site de reproduction et de non-reproduction des
migrateurs pour améliorer notre capacité a modéliser les cascades spatiales et leurs effets sur la

biodiversité¢ (Moisan et al., 2023).
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ANNEXE A
INFORMATION SUPPLEMENTAIRE DU CHAPITRE 1

Figure A.0.1 Boundaries of the snow goose colony from 2010 to 2015. The centroid is indicated
by the asterisk.
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Figure A.0.2 Sum of collared lemmings (Dicrostonyx groenlandicus) and brown lemmings
(Lemmus sibiricus) densities per year obtained by mark—recapture and averaged across trapping
grid habitat (humid and mesic). Threshold used to categorise the densities are indicated by dotted
lines (High lemming abundance > 6 lemming per hectare, Low lemming abundance <2.5 lemming
per hectare.
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Figure A.0.3 Relationships between the proportion of transect with nesting American Golden-
Plover (Pluvialis dominica) on transects with other shorebird species (a) diversity and (b)
abundance (excluding American Golden-Plovers). Other shorebird species are mostly represented
by the Baird’s sandpiper (Calidris bairdii), the white-rumped sandpiper (Calidris fuscicollis), the
black-bellied plover (Pluvialis squatarola) and the red phalarope (Phalaropus fulicarius) (91% of
observation) with few sightings of pectoral sandpipers (Calidris melanotos), red knots (Calidris
canutus), common-ringed plovers (Charadrius hiaticula), buff-breasted sandpipers (7ryngites
subruficollis), and ruddy turnstones (Arenaria interpres). The lines represent the fit of the model
and dotted lines are 95% CI.
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ANNEXE B
INFORMATION SUPPLEMENTAIRE DU CHAPITRE 2

Table B.1 Number of geolocators deployed on American Golden-Plovers (Pluvialis dominica)
and retrieved at different field sites between 2009 and 2016.

Location . Total retrieved /

Field site, (Latitude, Geolocators retrieved / Geolocators deployed Total deployed
Country longitude) o o —~ o~ n < n o

S = =S = o = S o

N N N N N N N N

64.505°N,

Nome, USA 165 413°W -8 19 1/~ -/13 1/15 -/- -/- -/- 3/45
Utqiagvik, 71.287°N,
USA 156.744°W 7" 9 4/24
Ikpikpuk 70.555°N,
River, USA | 154.728°W 7~ S B 15
Caw Ridge, 54.035°N,
Canada 1193820w - A B 13
Churchill, 58.660°N,
Canada 93.820°W -~ -~ -~ /5 29 219 1/ /- 5/23
Coats island, |62.896°N,
Canada 22 460°W -~ - - - - -/8 -/- 1/- 1/8
Igloolik, 69.376°N,
Canada R1.803°W -~ -~ -~ -~ /15 3/15 3/- /- 6/30
Bylot island, | 73.365°N,
Canada 79.015°W -- /- =24 3/22 525 6/42 7/11 3/- 24/124
TOTAL -8 1/24 4/24 3/52 10/69 12/74 11/11 4/- 45/262
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Table B.2

Number of individuals that stopped at 18 nonbreeding sites used by American

Golden-Plovers (n= 33) originating from 8 breeding populations spread across the species’
breeding range (see Figure 2). Only information from individuals with near-complete annual
migratory path are included. Green cells have at least one individual from a breeding area stopping

at a given stopover site.

Nonbreeding Stopover site

1-Southern British Columbia, Canada
2-Kivalliq, Nunavut, Canada

3-North Hudson Bay, Nunavut, Canada
4-Foxe peninsula, Nunavut, Canada
5-Hudson Plains, Ontario, Canada
6-West-Midwest, USA
7-South-Central USA

8-Northeast USA

9-Northern South-America
10-Central Brazil

11-La Plata River basin

12-Upper Amazon basin

13-Northern South-America

14-South Mexico

15-Lower Mississippi Basin, USA
16-Southeastern USA
17-West-Midwest, USA
18-East-Midwest, USA

S O o O

United States of America Canada
Alaska Alberta |Manitoba Nunavut
.. .. lkpikpuk| Caw .| Coats . Bylot
Nome Utqgiagvik river ridge Churchill island Igloolik island

Maximum number of individuals per
breeding populations
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Figure B.1  Inter-annual variation in spatial structure of migrating and wintering American
Golden-Plovers through time.. Left column: Temporal variation in the Mantel coefficient (rm =+
Confidence Interval 95%). Dates with positive rv are in red (9999 permutations, one-tailed test,
p<0.05). Right column: non-breeding range spread (variation in average distances between
individuals through time). A and B: for all years combined (n=33 individuals, positive ry observed
for a total of 26 out of 119 days (22%), C and D: for the 2012-2013 non-breeding season (n=9
individuals, positive rv observed for a total of 0 out of 162 days (0%), E and F: for the 2013-2014
non-breeding season (n=9 individuals, positive rm observed for a total of 22 out of 163 days (13%),
G and H: for the 2014-2015 non-breeding season (n=10 individuals, positive ry, observed for a
total of 28 out of 179 days (16%).
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Figure B.2  Spatial structure of migrating and wintering American Golden-Plovers through time
using a group of 20 individuals that were regularly located at the same dates over most of the non-
breeding period. A) Temporal variation in the Mantel coefficient (rv + Confidence Interval 95%).
Dates with significant (p<0.05) rm are in red (9999 permutations), B) Illustration of the non-
breeding range spread (variation in average distances between individuals through time) (black: all
populations combined) and population spread for specific breeding populations (dark blue: Bylot
Island, light blue: Igloolik, green: Churchill. Orange: Alaskan populations).
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Figure B.3  Consistency in space and time (i.e., how repeatable migration is within one
individual) illustrated using great circle distances between locations of individual American
Golden-Plovers (n=3) obtained during two different annual cycles. Loggers compared are, as
named in Figure 2.3: Bylot Island 2A and 2B (257 days, blue line), Bylot Island 3A and 3B (241
days, green line) and Bylot Island 4A and 4C (246 days, red line). Considering a geolocator error
of ~200km for each location (Lisovski et al., 2020), respectively~ 60% 55% and 32% of the daily
locations were below a threshold of 400 km (horizontal dashed line). Individuals were especially
consistent in space and time from Mid-November to Mid-January, and greater distances were
observed during the fall and early spring migration. less reliable periods are indicated with vertical
dashed lines (red: 15 days before and after the equinoxes-black).
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ANNEXE C
INFORMATION SUPPLEMENTAIRE DU CHAPITRE 3

Methods

We built linear mixed models using the R package Ime4 (Bates et al., 2015), in association with
the R package blme (Chung et al., 2013) when singularity was detected, to investigate the
relationships between timing of spring migration and breeding site availability (explanatory
variable: average snow-free date from 2001 to 2015 at nesting location). Our response variable
representing timing of spring migration was the departure date from the last shared stopover area.

Year was included as a random factor.

Although sample size was too low to fully investigate annual variation in the relationships, we
reran the analysis using only the three years with more than five data points (2013, 2014, 2015).
We also built a model with YEAR as random slope to examine if the fit was better. We compared

models based on their AIC.

Results

The departure date from the last shared stopover area was positively related to the average snow-
free date at the nesting location (3: 0.25, CI: [0.11, 0.40], n = 23; R?m=0.31, R?¢=0.57, Figure 3).
The relationship remained strong after removing the same individual again identified as an outlier

(B: 0.22, CI: [0.11, 0.34], n = 22, R?m=0.37, R2c=0.59, Figure 4).

By keeping only years with more than 5 individuals (2013, 2014, 2015), we found a similar positive
relationships (B: 0.20, CIL: [0.11, 0.36], n = 19, R?m=0.21, R?c=0.70, AIC: 48.27, Figure 4). The
model with YEAR as a random slope showed similar positive slopes. However, this was not the
best model (AIC of 52.27; AAIC: 4.00). Overall, it suggests that slopes and intercepts were similar

acCross ycars.
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Figure C.0.1 Relationships between timing of breeding site availability (mean snow-free date at
individual nesting location between 2001 and 2015) and individual departure date from the last
shared stopover site in the nearctic temperate grasslands of the Midwestern USA in tundra nesting
American Golden-Plover. Black dashed line represents the fit of the mixed effect model for all
individuals (n=19). Relationship obtained for each year separately (random intercept) are also
illustrated (2013: n=7; in green, 2014: n=6; in dark blue, 2015: n=6; in light blue). To help visualize
geographical relationships, axes have been transposed. A slight neutral offset was added to
overlapping points to facilitate interpretation. Day 1 = January 1*.

Table C.0.1 Intercept (+ SE) of the relationships between timing of breeding site availability
(mean snow-free date at individual nesting location between 2001 and 2015) and individual
departure date from the last shared stopover site in the nearctic temperate grasslands of the
Midwestern USA in tundra nesting American Golden-plover for years with more than 5 individuals
represented. Intercept coefficient (fo) extracted from the mixed effect model illustrated in Figure
Cl.

Year fox SE

2013 104.6 £1.08
2014 104.8 £1.16
2015 104.4 £1.16
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