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Abstract

Biodiversity is facing an unprecedented extinction crisis due to anthropogenic pressures, such
as climate change. There is growing concern about the slow spontaneous pace of evolutionary
processes relative to the high speed of environmental changes. Assisted gene flow has been in-
troduced as the managed translocation of individuals within the historical range of a species. Its
purpose is to introduce, or increase, the frequency of genotypes expected to confer an advantage
under new or future climatic conditions. It can also increase genetic variation in targeted pop-
ulations in the hope that it can stimulate demography through heterosis and, by increasing the
genetic variation on which selection can act on, the ability to adapt to a changing environment.
Risks associated with assisted gene flow include pathogen introduction, outbreeding depression,
genomic swamping, and increased maladaptation. Guidelines and information on optimal strate-
gies and the uncertainties associated with these practices are therefore urgently needed. Using
both analytical predictions and simulations, we have developed demo-evolutionary models to
help identify critical parameters and sources of uncertainty when implementing these strategies.
We first show the importance of taking into account the life cycle of targeted species, as the
optimal choice of individuals to translocate in long-lived species facing a changing climate is
subject to a trade-off between being well adapted at the beginning and end of life. We also
propose a new method for integrating evolution into an integral projection model (IPM) and
show how only a small range of introduced genetic diversity for adaptive traits would allow a
rare and endangered monocarpic perennial plant, Centaurea corymbosa, to escape extinction in
a warming climate. Lastly, we show with an analytical model that if beneficial alleles are intro-
gressed through managed gene flow between genetically distinct populations or closely related
species, small and early introductions of non local genetic material minimize swamping of the
local population’ genome and maximize the probability of rescue in small declining populations.
Overall, these new models offer new perspectives for guiding assisted gene flow strategies and

help inform debates about the relevance of their use and optimal implementation.



Résumé

La biodiversité est confrontée & une crise d’extinction sans précédent en raison de pressions
d’origine anthropique, telles que le changement climatique. La lenteur des processus évolutifs
spontanés, par rapport & la rapidité des changements environnementaux, suscite de grandes
inquiétudes quant a la persistance de nombreuses espéces. En réponse & ces menaces, les flux
de génes assistés sont présentés comme la translocation gérée d’individus au sein de leur aire de
répartition historique. Leur objectif est d’introduire ou d’augmenter la fréquence des génotypes
susceptibles de conférer un avantage dans des conditions climatiques nouvelles ou futures. Ils
peuvent également accroitre la variation génétique dans les populations ciblées, dans I’espoir de
stimuler la démographie par ’hétérosis et, en augmentant la variation génétique sur laquelle la
sélection peut agir, la capacité a s’adapter & un environnement changeant. Les risques associés
aux flux de génes assistés peuvent inclure 'introduction de pathogénes, la dépression hybride,
I’envahissement génétique ou encore 'augmentation de la maladaptation. Il existe donc un besoin
urgent de lignes directrices et d’études des stratégies optimales et des incertitudes associées & ces
pratiques. Nous développons des modéles démo-évolutifs pour aider & identifier les paramétres
critiques et les sources d’incertitude lors de la mise en ceuvre de ces stratégies. Nous montrons
tout d’abord, a l'aide d’un modéle structuré en stade, 'importance de la prise en compte du
cycle de vie des espéces ciblées, car le choix optimal des individus & transférer chez les espéces a
longue durée de vie confrontées & un climat changeant dépend d’un compromis entre une bonne
adaptation au début et a la fin de la vie. Nous proposons également une nouvelle méthode pour
intégrer I’évolution dans un modéle de projection intégrale (IPM) et montrons comment seule une
petite gamme de diversité génétique introduite pour des traits adaptatifs permettrait & une plante
rare et menacée, Centaurea corymbosa, d’échapper a I’extinction dans un climat qui se réchauffe.
Enfin, nous montrons & ’aide d’un modéle analytique que si des alléles bénéfiques sont introduits
entre des populations génétiquement distinctes ou des espéces étroitement apparentées, de petites
introductions précoces de matériel génétique non local minimisent I’envahissement du génome de
la population locale et maximisent la probabilité de sauvetage de petites populations en déclin.
Ces nouveaux modéles offrent de nouvelles perspectives pour guider les stratégies de flux de
génes assistés et permettent d’éclairer les débats sur la pertinence de leur utilisation et leur mise

en ceuvre optimale.
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Résumé de la thése en francais

Contexte

N

La biodiversité est confrontée a une crise d’extinction caractérisée par des taux d’extinction
comparables & ceux des cing grandes crises d’extinction massive (Barnosky et al. 2011; Dirzo et al.
2014). La crise actuelle est en grande partie le résultat de pressions anthropiques, notamment la
surexploitation des ecosystémes, les activités agricoles, le développement urbain et le changement
climatique (Maxwell et al. 2016a). Ces pressions entrainent une diminution de la taille des
populations et de la diversité génétique disponible, ce qui accroit leur vulnérabilité aux facteurs
de stochasticité et d’extinction associés aux populations de petite taille (Pimm et al. 2006b;
Shaffer 1981). Le changement climatique (IPCC 2021) expose les populations & des événements
extrémes plus fréquents et plus intenses (e.g., canicules, incendies, fortes pluies ; Mitchell et al.
2006) et perturbe progressivement, lorsqu’elle existe, ’adaptation locale des populations a leurs
conditions environnementales historiques (Aitken and Bemmels 2016; Aitken and Whitlock 2013;
Brady et al. 2019; Crespi 2000). A moins que les populations ne puissent suivre activement leur
niche climatique, la maladaptation liée au changement climatique peut déclencher ou aggraver le
déclin des populations (Duffy et al. 2022; Romén-Palacios and Wiens 2020). Les conséquences
de la diminution du nombre d’espéces, et de leur extinction, sont critiques pour les écosystémes,
en particulier lorsque les espéces touchées sont des espéces dites “clés de votite”, telles que les

arbres forestiers (Aitken and Whitlock 2013; Schmid et al. 2009).

Réponses des populations aux pressions environnementales

Face au changement climatique, les populations doivent répondre pour éviter I’extinction. In
situ, la plasticité phénotypique pourrait atténuer les effets de la maladaptation jusqu’a ce qu’une
réponse adaptative soit possible (Anderson et al. 2012; Chevin 2015; Chevin et al. 2010). Toute-

fois, il n’est pas encore clair que la plasticité permettrait d’éviter ’extinction, quelle forme



Résumé de la thése en frangais 5

prendrait la réponse plastique et quels seraient ses effets sur les réponses évolutives (Diamond
and Martin 2021a; Gienapp et al. 2008; Parmesan 2006). La sélection naturelle pourrait conduire
a une adaptation a condition qu'un génotype/phénotype adaptatif augmente en fréquence dans
la population & la suite du changement environnemental. Si cette évolution est suffisamment
rapide pour permettre a la population de conserver une taille importante et des perspectives de
persistance élevées, ce processus est appelé sauvetage évolutif (Carlson et al. 2014; Gomulkiewicz
and Holt 1995). Des études suggérent toutefois que de nombreuses espéces n’évoluent pas assez
rapidement pour suivre le rythme et "ampleur actuels des changements environnementaux (e.g.,
Kremer et al. 2012; Radchuk et al. 2019).

La dispersion est une autre forme de réponse possible face aux contraintes environnementales.
Bien qu’il soit prouvé que les populations déplacent leurs aires de répartition vers les poles et /ou
les altitudes plus élevées pour suivre leur optimum climatique (Chen et al. 2011; Freeman et al.
2018) et que cela réduit les risques d’extinction (Roman-Palacios and Wiens 2020), cela peut
toutefois étre limité par des barriéres environnementales comme la fragmentation des habitats
(Leimu et al. 2010). Les caractéristiques du cycle de vie de certaines espéces, telles qu'une
nature sessile (e.g., plantes, coraux, etc.) ou un long temps de génération, empécheront trés
probablement ces espéces d’atteindre la vitesse de migration nécessaire pour persister (Ettinger

and HilleRisLambers 2013; Shaw and Etterson 2012).

Flux de génes assistés par ’Homme

La crise actuelle conduit & des appels & des actions de conservation pour améliorer la condition
des populations en déclin et accélérer leur adaptation a un climat changeant. En conséquence, les
translocations assistées par I’homme ont été proposées pour aider les populations a se maintenir,
a se rétablir et & s’adapter au changement climatique (IUCN/CSE, 2013). Il existe un continuum
entre les différents types d’intervention en ce qui concerne I’endroit ot les individus sont déplacés
géographiquement (décrit dans la figure 1 de Aitken and Bemmels 2016, Seddon 2010), allant
de (i) mesures de renforcement des populations in situ, visant & stimuler un sauvetage génétique
des populations, en augmentant le nombre d’individus et la diversité génétique (Carlson et al.
2014) a (ii) des stratégies de migration assistée i.e., la translocation de génotypes pré-adaptés
en prévision ou en réponse a des changements environnementaux (Aitken and Bemmels 2016;
Aitken and Whitlock 2013). Ces derniéres peuvent prendre la forme d’une migration assistée en

dehors de l'aire de répartition historique de I’espéce, parfois appelée “colonisation assistée”, ou
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d’une migration assistée au sein de 'aire de répartition actuelle d’une espéce également souvent
appelée “flux de génes assistés”, bien que cette terminologie préte quelque peu & confusion car
toutes les pratiques décritent ci-dessus décrivent des flux de génes, assistés par ’'Homme. La
migration assistée en dehors de l'aire de répartition des espéces est trés controversée en raison
des risques qui y sont associés, tels que la maladaptation, ’hybridation, I'introduction d’agents
pathogeénes et les invasions biologiques (voir par exemple Hunter 2007; Ricciardi and Simberloff
2009). Le grand public est aussi généralement plus ouvert a des pratiques de migration assistée
au sein de laire de répartition des espéces, qu’en dehors (Peterson St-Laurent et al. 2018).
Les risques, cités ci-dessus, sont considérés comme plus faibles dans le cas de flux de génes
assistés entre des populations existantes, & I’exception de certains risques génétiques tels que la
dépression hybride, I'envahissement génomique et les incompatibilités génétiques (Aitken and

Whitlock 2013; Frankham et al. 2011; Muller 1942; Saenz-Romero et al. 2021).

Exemples de flux de génes assistés

Le flux de génes assistés peuvent étre mis en ceuvre chez un large éventail de taxons, animaux ou
végétaux, mais ils sont principalement envisagés pour des espéces fondatrices (e.g., les coraux),
les espéces gérées (e.g., les arbres) et les petites populations menacées (Aitken and Whitlock
2013). Les régles de transfert, qui définissent les meilleures pratiques lors de la sélection des
sources de matériel biologique, mentionnent de plus en plus la ressemblance avec le climat futur
comme un critére de sélection, par exemple, pour la replantation des arbres aprés récolte, la
restauration ou le renforcement des populations, plutot que l'utilisation exclusive de sources
locales (Breed et al. 2018; O’Neill et al. 2008, 2017). Des appels clairs sont également lancés
dans cette direction chez plusieurs taxons, comme dans les coraux (e.g., Hagedorn et al. 2021),
certains poissons (e.g. , Pavlova et al. 2017; Pregler et al. 2023), des mammiféres (e.g., Seddon
and Schultz 2020) et les arbres (e.g., Borrell et al. 2020; Browne et al. 2019; Girardin et al.
2021; Milesi et al. 2019; Young et al. 2020). De plus, bien que cet effet ne semble pas résulter
d’une politique active d’adaptation au changement climatique, une étude récente a montré que
les translocations de plantes étaient plus souvent effectuées vers des sites légérement plus froids

(Diallo et al. 2021), ce qui montre que ces interventions sont déja en cours.
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Différentes difficultés rencontrées par différentes espéces

En fonction des défis auxquels sont confrontées les différentes espéces ciblées par les flux de génes
assistés, un large éventail de pratiques peut étre envisagé. A Porigine, les flux de génes assistés
sont apparu, comme une stratégie visant a aider les populations & s’adapter au changement
climatique, mais de nombreuses translocations ne sont pas liées au climat (Diallo et al. 2021;
Kelly and Phillips 2016). Les “flux de génes ciblés”, par exemple, se référe au mouvement
de variants d’intérét, d’une maniére similaire & un sauvetage génétique, sauf que la variance
introduite est délibérément choisie pour remédier & un probléme particulier, par exemple lié
a des agents pathogénes (Christie and Searle 2018; Gignoux-Wolfsohn et al. 2021), espéces
envahissantes (Kelly and Phillips 2016; Van Dyken 2020) ou méme au cancer (Hohenlohe et al.
2019).

L’aire de répartition des espéces détermine également en grande partie la forme de flux de
génes assistés qui peut étre envisagée. En effet, des espéces a large aire de répartition sont
susceptibles de présenter une grande diversité d’adaptations climatiques au sein de leur aire de
répartition, qui peuvent é&tre utilisées comme des sources intéressantes de pré-adaptation aux
climats futurs (e.g., Mimura and Aitken 2010). Les tests de provenances et les jardins communs
fournissent des informations précieuses sur les adaptations des différentes sources aux conditions
environnementales (e.g., Risk et al. 2021). Pour les espéces dont 'aire de répartition est limitée,
si une telle variation existe, les sources de mélange utilisées pour les renforcements et les translo-
cations peuvent introduire une nouvelle variation génétique dans ’espoir de fournir des alléles
bénéfiques, de réduire la consanguinité et d’avoir un effet positif global sur la fitness, méme si
des variants pré-adaptées ne peuvent pas étre identifiés. Dans le cas de populations trés men-
acées, 'hybridation avec des populations éloignées de la méme espéce, ou d’espéces étroitement
apparentées peut constituer un réservoir d’alléles adaptatifs et de nouvelles variations génétiques
qui ne peuvent plus étre trouvées au sein de 1’espéce ou des populations locales.

Bon nombre des espéces ciblées par les flux de génes assistés ont une longue durée de vie et /ou
des cycles de vie complexes, i.e., différents stades de vie ayant des écologies et des sensibilités
différentes au climat, ce qui affecte leur potentiel évolutif dans le cadre du changement climatique
(Marshall et al. 2016). Pour les espéces a trés longue durée de vie, telles que les arbres, un
compromis vient compliquer le choix des sources de semences. Etant donné que les arbres sont
confrontés & des changements climatiques rapides au cours de leur longue vie, les alléles qui

leur conférent des performances optimales peuvent varier entre le début et la fin de leur vie ;
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par conséquent, devons-nous introduire des génes qui conférent une bonne adaptation au stade
juvénile, au risque d’étre maladapté au stades plus 4gés, ou bien une bonne adaptation aux

climats futurs lorsque ces juvéniles seront devenus des adultes 7

Contributions des modéles existants

Bien qu’ils soient de plus en plus étudiés, les flux de génes assistés laissent encore de nombreuses
questions sans réponse. Pour répondre & certaines d’entre elles, les modéles peuvent étre utiles.
Tout d’abord, nous comprenons encore mal quand, et si, les stratégies de flux de génes assistés
constituent la meilleure option pour atténuer les conséquences du changement climatique. Cer-
tains modéles ont commencé a explorer la maniére dont différentes stratégies de flux de génes
assistés peuvent ou non accélérer ’adaptation, notamment en modélisant 1'introgression d’alléles
adaptatifs dans les populations & risque, comme les coraux (Quigley et al. 2019). Certaines in-
quiétudes concernant les flux de génes assistés portent sur la perte de toute ou d’une partie du
génome de ’espéce cible. Certaines études concluent que la partie du génome de la population
réceptrice perdue & la suite d’'un flux de génes est rarement supérieure a la fraction des individus
introduits (Aitken and Whitlock 2013; Grummer et al. 2022), d’autres constatent, a 1’aide de
simulations, qu’elle est proportionnelle & ’avantage en termes de fitness conféré par les muta-
tions bénéfiques introduites (Harris et al. 2019). En pratique, un autre paramétre important est
le nombre d’individus qui devraient étre introduits et la fréquence & laquelle les flux de génes
devrait étre mis en ceuvre. Des simulations ont révélé un compromis entre la préservation du
génome de la population cible et la réduction du risque d’extinction de la population (Kelly
and Phillips 2019a). Un autre paramétre qui s’avére étre également important est la source des
individus transférés. Les cycles de vie complexes peuvent conduire a une adaptation plus lente
en raison des compromis qui se produisent au cours de l'histoire de vie des individus (Cotto
et al. 2019; Marshall et al. 2016), il est donc urgent de comprendre comment les cycles de vie
affectent les stratégies d’approvisionnement pour les flux de génes assistés. Finalement, une
autre question est de savoir comment déterminer la probabilité de sauvetage d’une population
et comment en quantifier ces avantages. L’intégration des processus évolutifs aux les analyses de
viabilité des populations (PVA) ouvre la voie a des estimations plus réalistes de la persistance
des populations dans le cadre du changement climatique (Kelly and Phillips 2019b; Pierson et al.
2015).
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Objectifs et principaux résultats

Dans cette thése, nous avons étudié des questions autour de différents modéles biologiques qui
sont des cibles pour les flux de génes assistés et qui font face a différents défis. Nous résumons

les questions, méthodes et les principaux résultats ci-dessous.

Chapitre 1

Le changement climatique menace les arbres & longue durée de vie, qui risquent de ne pas
s’adapter ou de ne pas migrer assez rapidement pour suivre la hausse des températures. Les flux
de génes assistés pourraient faciliter 'adaptation des populations aux climats futurs grace a la
translocation gérée de graines provenant d’un endroit plus chaud ("provenance") a lintérieur
de laire de répartition actuelle d’une espéce. Trouver la provenance qui aura les meilleures
performances en termes de survie ou de croissance est compliqué par un compromis : étant
donné que les arbres sont confrontés & un climat qui change rapidement au cours de leur longue
vie, les alléles qui leur conférent des performances optimales peuvent varier tout au long de leur
vie. Par exemple, les arbres provenant de provenances plus chaudes seront bien adaptés a 1’age
adulte mais pourraient souffrir de températures encore froides alors qu’ils ne sont encore qu’a
un stade juvénile peu tolérant. Nous utilisons ici un modéle structuré en stade pour déterminer
quelle provenance maximiserait la survie d’'une cohorte d’arbres & longue durée de vie dans
un climat en réchauffement. Notre modéle prédit que la meilleure provenance dépend de la
vitesse & laquelle le climat changera, mais aussi en grande partie de la fagon dont la tolérance
climatique des arbres varie entre les différents stades de vie et du temps passé au stade le moins
tolérant. Nous paramétrons le modéle avec des matrices de transition démographique estimées
empiriquement pour vingt espéces d’arbres a longue durée de vie et nous montrons que les
conclusions précédentes sont robustes aux variations du cycle de vie des arbres. Nous appelons
donc & un effort accru pour mesurer comment la tolérance climatique change au cours de la vie,

chez les espéces a longue durée de vie, ce qui reste inconnu pour la plupart des espéces d’arbres.

Chapitre 2

Le sauvetage évolutif est un processus démographique et évolutif par lequel une population
échappe a 'extinction en s’adaptant aux pressions environnementales. La Centaurée de la Clape
(Centaurea corymbosa) est une plante vivace monocarpique, rare et menacée, endémique du

Massif de la Clape dans le sud de la France. Elle fait 'objet d’un suivi démographique a long
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terme depuis la fin des années 1990. Les petites populations restantes de cette espéce sont
en déclin depuis plusieurs années et son extinction est prédite & moyen terme, accélérée par le
changement climatique. L’objectif de cette étude est de comprendre si I’évolution d’un trait
déterminant pour la fitness, le taux de croissance, pourrait sauver la population dans un climat
qui se réchauffe. Nous proposons une nouvelle méthode pour intégrer de 1’évolution dans un
modéle de projection intégrale (IPM) et 'utilisons pour prédire le niveau de variance génétique
critique pour ce trait adaptatif qui serait nécessaire pour éviter ’extinction. Nous étudions dans
un premier temps, un scénario simple qui suppose qu’une seule cohorte est plantée, I'objectif
étant de modéliser des scénarios plus complexes de renforcements & terme. Nous montrons
que la tendance de déclin de la population ne peut étre inversée qu’avec une petite gamme de
diversité génétique introduite dans le taux de croissance. De plus, méme dans le meilleur des
cas, la population ne sera pas ne se remet pas a croitre avant vingt ans, horizon auquel le taux

d’extinction de certaines populations naturelles est déja trés élevé.

Chapitre 3

La théorie suggére que la probabilité d’un sauvetage évolutif, lorsque I’évolution empéche une
extinction autrement inévitable, augmente avec la taille de la population et la disponibilité
de la variation génétique. L’introgression, c’est-a-dire le rétrocroisement d’hybrides avec une
ou les deux lignées parentales, peut favoriser le sauvetage évolutif en introduisant de nou-
velles variations génétiques dans les populations menacées. Bien que des cas d’introgression
adaptative soient connus, ils aboutissent le plus souvent & un envahissement démographique ou
génétique. Nous avons analysé un modéle analytique déterministe, soutenu par des simulations
individu-centrées, afin de quantifier les effets de ’envahissement génétique aprés un seul événe-
ment d’introduction d’individus d’une autre population. Nos résultats analytiques identifient un
nombre optimal d’individus introduits qui maximise la portion restante du génome de la popula-
tion cible. En supposant que la population cible a décliné et n’exerce qu’une faible compétition,
des introductions petites et précoces minimisent ’envahissement, car la population résidante
reste & un niveau suffisant, tandis que des introductions plus importantes maximisent la proba-
bilité d’un sauvetage. Non seulement nos résultats analytiques permettent de mieux comprendre
le compromis entre ’envahissement génétique et le sauvetage, mais ils fournissent également des
outils pour guider les gestionnaires de la conservation visant a sauver des populations de petite

taille et /ou consanguines.
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Loss of biodiversity

Biodiversity has been facing an extinction crisis characterized by extinction rates comparable
to those of the five great mass extinction crises (Barnosky et al. 2011; Dirzo et al. 2014). The
current crisis is largely the result of anthropogenic pressures, including over-exploitation, agricul-
tural activities, urban development and climate change (Maxwell et al. 2016a). These pressures
lead to decreases in population sizes and available genetic diversity, which in turn lead to an
increased vulnerability to stochasticity and extinction factors associated with small population
sizes (Pimm et al. 2006b; Shaffer 1981). Climate change (IPCC 2021) exposes populations to
more frequent and more intense extreme events (e.g., heatwaves, fires, heavy rain; Mitchell et al.
2006) and gradually disrupts the existing local adaptation of populations to their historical envi-
ronmental conditions (Aitken and Bemmels 2016; Aitken and Whitlock 2013; Brady et al. 2019;
Crespi 2000). Unless populations can actively track their climatic niche, climate change-related
maladaptation can initiate or worsen population declines (Duffy et al. 2022; Roman-Palacios and
Wiens 2020). The consequences of declining species numbers, and ultimately their extinction,
are critical for ecosystems, particularly when the species affected are keystone species such as

forest trees (Aitken and Whitlock 2013; Schmid et al. 2009).

Population responses to environmental pressures

Faced with climate change, populations must respond to avoid extinction. In situ, phenotypic
plasticity could mitigate the effects of maladaptation until an adaptive response is possible
(Anderson et al. 2012; Chevin 2015; Chevin et al. 2010). It is still unclear to date, however,
whether plasticity would allow the avoidance of extinction, what form the plastic response would

take and its effects on evolutionary responses (Diamond and Martin 2021a; Gienapp et al. 2008;

11
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Parmesan 2006). Natural selection could lead to such an adaptive response provided that an
adaptive genotype increases in frequency in the population as a result of environmental change.
If such evolution is sufficiently fast to allow the population to maintain a large population size
and high prospects of persistence, this process is called evolutionary rescue (Carlson et al. 2014;
Gomulkiewicz and Holt 1995). Studies suggest, however, that many species are not evolving
fast enough to keep pace with the current rate and magnitude of environmental change (e.g.,
Kremer et al. 2012; Radchuk et al. 2019).

Dispersal is another possible response to environmental constraints. Although there is evidence
that populations are shifting their ranges towards the poles and /or higher altitudes to follow their
climatic optimum (Chen et al. 2011; Freeman et al. 2018) and that this reduces extinction risks
(Romén-Palacios and Wiens 2020), it can however be limited by environmental barriers (e.g.,
habitat fragmentation; Leimu et al. 2010). The life cycle characteristics of some species such
as a sessile nature (plants, corals, etc.) or a long generation time will also most likely prevent
species from achieving the migration speed required to persist (Ettinger and HilleRisLambers

2013; Shaw and Etterson 2012).

Human-assisted gene flow

The current crisis has led to calls for conservation actions to improve the fitness of declining
populations and accelerate their adaptation to a changing climate. As a result, human-assisted
translocations have been proposed to help populations maintain, recover and adapt to climate
change (IUCN/SSC, 2013). These practices can either aim at increasing the number of individ-
uals and genetic diversity in targeted populations, thereby stimulating demographic and genetic
rescue of populations (Carlson et al. 2014), or increase the frequency of pre-adapted genotypes in
anticipation of or in response to environmental change, to stimulate evolutionary rescue (Aitken
and Bemmels 2016; Aitken and Whitlock 2013).

There is a continuum between the different types of intervention in terms of where individuals
are moved geographically (described in Figure 1 from Aitken and Bemmels 2016, Seddon 2010),
ranging from (i) reinforcement measures of the populations in situ to (ii) assisted migration
strategies. The latter can either take the form of assisted migration outside of the historical
range of the species, sometimes referred to as “assisted colonization”, or assisted migration within

the current range of a species also often referred to as “assisted gene flow”. This terminology is,
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nevertheless, somewhat confusing as all practices describe variations of human-assisted flow of
genes. Assisted migration beyond the species range is highly debated because of the associated
risks, such as maladaptation, hybridization, pathogen introduction, and invasive spread (see for
instance Hunter 2007; Ricciardi and Simberloff 2009). These risks are considered lower in the case
of assisted gene flow among existing populations, with the exception of some genetic risks such
as outbreeding depression, genomic swamping, genetic incompatibilities (Aitken and Whitlock
2013; Frankham et al. 2011; Muller 1942; Séenz-Romero et al. 2021). The general public is
also generally more open to assisted migration practices within than beyond the species range

(Peterson St-Laurent et al. 2018).

Examples of assisted gene flow

Assisted gene flow can be implemented in a wide range of species, animal or plant taxa, but is
mainly considered for foundation species (e.g., corals), managed species (e.g., trees) and small,
endangered populations (Aitken and Whitlock 2013). Transfer rules, defining best practices when
selecting sources of biological material, increasingly mention climatic resemblance with future
climate as a critical selection criterion, for replanting after harvest, restoration, or population
reinforcement, rather than the exclusive use of local sources. This is notably the case of many
tree species (Breed et al. 2018; O’Neill et al. 2008, 2017). Across taxa, clear calls are also being
made in this direction, as in the case of corals (e.g., Hagedorn et al. 2021), fishes (e.g., Pavlova et
al. 2017; Pregler et al. 2023), mammals (e.g., Seddon and Schultz 2020) and trees (e.g., Borrell
et al. 2020; Browne et al. 2019; Girardin et al. 2021; Milesi et al. 2019; Young et al. 2020).
Although this effect does not seem to be the result of an active policy of adaptation to climate
change, a recent study showed that plant translocations were more often carried out towards

slightly colder sites (Diallo et al. 2021), further showing these processes are already underway.

Different challenges faced by different species

Based on the challenges faced by the different species targeted for assisted gene flow, a wide
range of practices can be considered. Assisted gene flow originally emerged as a strategy to
help populations adaptation to climate change, yet many translocations are not climate-related
(Diallo et al. 2021; Kelly and Phillips 2016). “Targeted gene flow”, for instance, refers to the

movement of variants of interest, in a similar way to genetic rescue, except the variance intro-
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duced is deliberately chosen to remedy a particular concern, for instance related to pathogens
(Christie and Searle 2018; Gignoux-Wolfsohn et al. 2021), invasive species (Kelly and Phillips
2019b; Van Dyken 2020) or even cancer (Hohenlohe et al. 2019).

Species range also largely determines the form of assisted gene flow that can be considered.
Indeed, species with a wide range are likely to hold a large diversity of climatic adaptations within
their range that can be used as interesting sources of pre-adaptation to future climates (e.g.,
Mimura and Aitken 2010). Provenance tests and common gardens provide valuable information
on the adaptations of different provenances to environmental conditions (e.g., Risk et al. 2021).
For species with a limited range, if such variation exists, mixing sources used for reinforcements
and translocations can introduce new genetic variation in the hope of providing beneficial alleles,
reducing inbreeding, and having an overall positive effect on fitness, even though pre-adapted
variants cannot be identified. In the case of highly endangered populations, hybridization with
distant populations of the same species or closely related species may provide a reservoir of
adaptive alleles and new genetic variation that cannot be found anymore within the species or
the local populations.

Many of the species targeted by assisted gene flow have long life spans and/or complex
life cycles, with different stages having different ecologies and sensitivities to climate change,
affecting their evolutionary potential under climate change (Marshall et al. 2016). For very
long-lived species such as trees, a trade-off complicates the choice of seed sources. Because trees
face a rapidly changing climates throughout their long lifetime, the alleles that confer optimal
performance may vary over the course of their lives; thus, should we introduce genes that confer
good adaptation now, at the juvenile stage, or adaptation to future climates when those juveniles

have become adults?

Contributions from previous models

Although increasingly studied, assisted gene flow still leave many questions unanswered. To an-
swer some of them, models can be useful. First, we still have little understanding of when, and
if, assisted gene flow strategies are the best option for mitigating the consequences of climate
change. Some models have begun to explore how different assisted gene flow strategies may or
may not accelerate adaptation, in particular by modeling the introgression of adaptive alleles

into at-risk populations, e.g., conferring tolerance to higher temperatures in coral populations
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(Quigley et al. 2019). Concerns about assisted gene flow include the loss of the genome unique-
ness of the target species. Some studies conclude that the portion of the recipient population’s
genome lost as a result of gene flow rarely constitutes more than the fraction of individuals in-
troduced (Aitken and Whitlock 2013; Grummer et al. 2022) and others find, using simulations,
that it is proportional to the fitness advantage conferred by the beneficial mutations introduced
(Harris et al. 2019). An important practical parameter is the number of individuals that should
be introduced, and the frequency at which gene flow should be implemented. Simulations re-
vealed a trade-off between preserving the genome of the target population and reducing the risk
of population extinction (Kelly and Phillips 2019a). In practice, another important parameter
is the source of the translocated individuals. Complex life cycles may lead to slower adaptation
due to trade-offs that occur during the life history of individuals (Cotto et al. 2019; Marshall et
al. 2016; Marshall and Connallon 2023). There is, therefore, an urgent need to understand how
species life cycles affect sourcing strategies for assisted gene flow. Another question regards how
the probability of population rescue can be determined, and how these benefits can be quanti-
fied. The integration of evolutionary processes into Population Viability Analysis (PVAs) paves
the way to more realistic estimations of population persistence under climate change (Kelly and

Phillips 2019b; Pierson et al. 2015).

Aims of this thesis

In this thesis, we are investigating questions around different biological models that are targets
for assisted gene flow and face different challenges.

First, we urgently need to understand the challenges faced by long-lived species growing
in a changing climate to understand how this affects sourcing strategies for assisted gene flow.
We investigate this question using staged-structured models where individuals have different
tolerances to climate across their lifespan. We use trees, as an example since they are very
long-lived organisms often targeted by assisted gene flow practices by parameterizing the model
with empirically estimated demographic transition matrices for twenty long-lived tree species
(Chapter 1).

Rather than predicting which genetic variants will be adaptive in the future, Chapter 2
focuses on increasing diversity and adaptive potential in a more general way. Our goal is to

understand whether the evolution of a fitness-determining trait in a rare and endangered species
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through gene flow could save the population in a warming climate. We predict the critical level of
genetic diversity that would be required for this species to avoid extinction using an evolutionary
explicit integral projection model (IPM). The methodology for integrating evolution into an IPM
has been the subject of debates. Here, we propose a new approach, building on some previous
work by Rees and Ellner 2019. We focus on the case of Centaurea corymbosa, a rare and
endangered monocarpic perennial that has been the subject of a long-term demographic study
and because a demographic IPM has already been fitted to this large data-set (Chapter 2).
Finally, Chapter 3 considers the costs of assisted gene flow to the target species. We focus
on the trade-off between preserving the genome of the target population and reducing the risk
of population extinction, generalizing previous simulation work with analytical predictions. We
provide quantitative guidance on the optimal number of migrants to introduce, to maximize
both the probability of evolutionary rescue through introgression of a beneficial allele, and the

proportion of the target species genome preserved (Chapter 3).
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Planting long-lived trees in a warming
climate: Theory shows the importance

of stage-dependent climatic tolerance
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Abstract

Climate change poses a particular threat to long-lived trees, which may not adapt or migrate
fast enough to keep up with rising temperatures. Assisted gene flow could facilitate adapta-
tion of populations to future climates by using managed translocation of seeds from a warmer
location (provenance) within the current range of a species. Finding the provenance that will
perform best in terms of survival or growth is complicated by a trade-off. Because trees face a
rapidly changing climate during their long lives, the alleles that confer optimal performance may
vary across their lifespan. For instance, trees from warmer provenances could be well-adapted
as adults but suffer from colder temperatures while juvenile. Here we use a stage-structured
model, using both analytical predictions and numerical simulations, to determine which prove-
nance would maximize the survival of a cohort of long-lived trees in a changing climate. We
parameterize our simulations using empirically estimated demographic transition matrices for
twenty long-lived tree species. Unable to find reliable quantitative estimates of how climatic
tolerance changes across stages in these same species, we vary this parameter to study its ef-
fect. Both our mathematical model and simulations predict that the best provenance depends
strongly on how fast the climate changes and also how climatic tolerance varies across the life
span of a tree. We thus call for increased empirical efforts to measure how climate tolerance
changes over life in long-lived species, as our model suggests that it should strongly influence

the best provenance for assisted gene flow.

Keywords: Assisted gene flow; Climate change; Local adaptation; Forestry; Complex life cycles;

Seed sourcing
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Introduction

There is strong evidence for the local adaptation of many populations to their historical climate
(Alberto et al. 2013; Lortie and Hierro 2022; Savolainen et al. 2007; Wadgymar et al. 2022).
Current anthropogenic global warming is however disrupting climatic conditions (IPCC 2021),
decoupling populations from the climate to which they were historically adapted (Benito-Garzon
et al. 2018; Bontrager and Angert 2019; Gauli et al. 2022; Hanewinkel et al. 2013; Thomas et
al. 2004). Climate change-related maladaptation could thus lead to, or exacerbate, population
declines (Frank et al. 2017), especially when combined with other pressures faced by biodiversity
(Maxwell et al. 2016b). While local adaptation to new climatic conditions may be restored with
time due to natural evolutionary and ecological processes, such as adaptive phenotypic changes
(Bell 2017; Yeh and Price 2004) and range shifts (Chen et al. 2011; Freeman et al. 2018; Lenoir
and Svenning 2015), these natural processes may be insufficient in species with low evolutionary
potential (Shaw and Etterson 2012), long generation time (e.g., Cotto et al. 2017), maladaptive
phenotypic plasticity (Diamond and Martin 2021b; Fox et al. 2019), or poor dispersal ability
(Leimu et al. 2010).

In circumstances where life cycle attributes severely limit natural dispersal, human-assisted
migration has been proposed to accelerate population adaptation to climate change, either as a
conservation strategy or to maintain productivity for economically important species (Isabel et
al. 2020). Assisted migration, also called assisted gene flow when focusing on movements within
the historical range of populations (Aitken and Whitlock 2013), uses translocation of pre-adapted
genotypes in anticipation of or in response to environmental change (Aitken and Bemmels 2016).
Risks associated with these practices (Aitken and Whitlock 2013; Ricciardi and Simberloff 2009;
Saenz-Romero et al. 2021; Weeks et al. 2011) include maladaptation, outbreeding depression,
gene swamping, hybridization, pathogen introduction, and invasive spread. We still have few
tools to predict the efficiency of such interventions in mitigating the negative consequences
of climate change, and their optimal design. Our aim here is to develop simple theoretical
arguments contributing to a better understanding of trade-offs affecting assisted migration in
long-lived species. Because risks are thought to be smaller in the case of assisted gene flow
(Aitken and Whitlock 2013), we will focus on scenarios mimicking translocations within a species
range. Our model however also helps understanding trade-offs affecting translocations beyond

the range limits.
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Assisted gene flow is particularly discussed in the context of forestry practices (Aitken and
Whitlock 2013). Indeed, the long generation time and limited dispersal capabilities resulting
from their prolonged sessile phase make long-lived trees particularly vulnerable to the effects
of climate change (e.g., Brodribb et al. 2020; Gougherty et al. 2021). Most temperate and
boreal forest tree species are locally adapted to climate (Leites and Benito Garzon 2023) and
already suffer negative consequences of climate change (e.g., Abram et al. 2021; Davis et al.
2019; Forzieri et al. 2022; Hartmann et al. 2022; Hellmann et al. 2008; Séenz-Romero et al.
2020; Stevens-Rumann et al. 2018; Sturrock et al. 2011). The vulnerability and decline of tree
populations is of interest because trees provide numerous ecosystem services (Brockerhoff et al.
2017), with important ecological (e.g., providing food resources and habitat for many other
species (Yu et al. 2023), carbon storage, microclimate regulation), economic (Fraga et al. 2020),
societal (Esperon Rodriguez et al. 2022), and cultural roles (Agnoletti and Santoro 2015; Lewis
and Sheppard 2005; Trigger and Mulcock 2005).

To implement assisted gene flow, one needs to identify seed sources that maximise the survival
and productivity of the transplanted individuals in the future, based on projected climate change.
In forestry, the population used for seed sourcing is referred to as a "provenance", specifically
in reference to the geographical location (Aitken and Bemmels 2016). Traditional seed-sourcing
strategies use transfer functions and provenance trials to identify provenances best adapted to a
plantation site (e.g., O’Neill et al. 2017; Risk et al. 2021; Thomson et al. 2009). Historically, the
use of local provenances was widely recommended for reforestation (O’Neill and Gémez-Pineda
2021). Managers however are increasingly being advised to anticipate near-future climate change
when selecting seed sources for plantations (e.g., Aitken and Bemmels 2016; Benito-Garzon
et al. 2018; Girard et al. 2022; Saenz-Romero et al. 2021; St. Clair et al. 2022; Whittet et
al. 2016). For instance, in British Columbia, Canada, a recently adopted policy advises that
planted populations be adapted to the expected future climate in the plantation site (O’Neill
et al. 2017). Several assisted gene flow experiments are already underway (e.g., McDonald et al.
2021; Prieto-Bemétez et al. 2021; Young et al. 2020).

Only a few recent models have however begun to investigate how different assisted gene flow
strategies can accelerate adaptation (DeFilippo et al. 2022; Grummer et al. 2022; Quigley et al.
2019), and even fewer have attempted to quantify the demographic consequences of assisted
gene flow and its impact on population persistence and function (e.g., Bay et al. 2017; Kelly

and Phillips 2019a; Kuparinen and Uusi-Heikkild 2020). Many organisms targeted for assisted



Chapter 1. Planting long-lived trees in a warming climate 21

gene flow, such as trees or corals, are long-lived and have complex life cycles: life-cycle stages
(e.g., seed, seedling, sapling, pole, mature tree, and senescent stages) differ in their tolerance
to climatic variables (Du et al. 2019; Masek et al. 2021; Pompa-Garciéa and Hadad 2016), and
different individuals may spend different amounts of time in each stage before growing to the
next (Jackson et al. 2009). Yet, we have little insight into how complex life cycles may affect
optimal assisted gene flow strategies. In very long-lived organisms, a trade-off occurs when
climate changes during an individual’s lifetime: individuals will on average experience colder
temperatures early in their lives and warmer temperatures later. The alleles conferring good
performance may then be different at the beginning and end of life. In particular, there is concern
that warm-adapted provenances that will perform well in the future could still suffer from damage
due to colder temperatures while juvenile (Sebastian-Azcona et al. 2019). Previous theoretical
studies have suggested that it will be challenging for long-lived species with complex life cycles
to adapt to a changing climate, because their long generation time slows down evolution, but
also because of trade-offs in adaptation to climate change between different life stages (Cotto
and Chevin 2020; Cotto et al. 2019; Marshall et al. 2016; Marshall and Connallon 2022).

In organisms with a complex life cycle, different stages typically make different contributions
to the growth of the population (Caswell 2000). In long-lived trees, for instance, individuals
in young stages with high mortality typically have a low contribution to population dynamics
compared to older individuals. In reintroduction or reinforcement programs, releasing individuals
with high reproductive value and contribution to population growth can increase success of the
program (Sarrazin and Legendre 2000). In assisted gene flow programs, it is however unknown
whether similar reasoning applies: is it optimal to select seed sources that will be best adapted
at the stage with the highest contribution to population growth, i.e., when fully grown? Or
is it optimal to source seeds that provide the most protection during life stages that are least
tolerant to climate change? Some studies suggest that young stages tend to be less tolerant to
stress than older stages (e.g., Black and Bliss 1980; Kueppers et al. 2017; Munier et al. 2010).
For example, in British Columbia, the current recommendation is to plant populations adapted
to the expected future climate at one quarter of the rotation time (i.e., time between planting
and harvest), when trees are still relatively young, to account for the lower tolerance of seedlings
to maladaptation (O’Neill et al. 2017). These rules of thumb however lack a strong theoretical
foundation and we do not know how the choice of the best provenance depends on the exact life

cycle of the tree, the speed of climate change and the impact it has on different life stages.
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The aim of this paper is, therefore, to fill this gap by theoretically exploring the effect of (1)
changes in tolerance to climate over the lifetime of trees and (2) variation in life history (i.e.,
variation in stage-specific vital rates) on the choice of the best provenance for assisted gene flow.
To this end, we use a simple scenario that describes the persistence of a single cohort of long-
lived trees in a warming environment. This scenario approximates even-aged forest management,
where seedlings of the same age are planted after a clearcut and harvested a number of decades
later (Puettmann et al. 2015). It will serve as a baseline for future exploration of more complex
forestry scenarios. To understand what determines the best provenance for maximizing survival
of a cohort of trees under climate change, we extend the analytical work of Cotto and Chevin
(2020), who used an age-structured model to examine the evolution of a quantitative trait in
organisms that undergo multiple episodes of selection in a changing environment. We instead
consider a stage-structured model that better represents the life history of species like trees, for
which size more than age determines the survival prospects. We derive analytical predictions
for the best provenance to maximize cohort survival under climate change. To develop a better
understanding, we first illustrate these mathematical predictions in the simplest case where
there are only two stages in the life cycle (juveniles and adults), exploring how the time spent
in each stage and the difference in climatic tolerance across stages affect the choice of the best
provenance. We then parameterize our model with empirically-measured life histories for 20
long-lived species. We check that qualitative conclusions derived in the two-stages case hold
when the number of stages increases and for various tree life histories. In addition, we explore
the effect of changes in various assumptions to assess robustness of our results to: (i) the change
in thermal tolerance across life, (ii) the rate of environmental warming, (iii) random interannual
variation in temperature and (iv) variation in thermal tolerance among individuals from the
same cohort. We compare the potential benefits of implementing assisted gene flow predicted by
our model for different choices for seed sourcing: planting only seeds from the local provenance,
planting the best provenance predicted by our model, or using a simple rule of thumb to match
seed provenance to the future climate in the plantation site, such as used in British Columbia

(O’Neill et al. 2017).
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Methods

Biological scenario

Given a single cohort of trees, planted at ¢ = 0 and harvested after H years under environmental
warming, we aim to optimize the seed source ("provenance") considering the trade-off between
current climate adaptation for seedlings and future climate adaptation for older trees. Trees in
our model have a complex life cycle spanning n discrete stages, each with different tolerance to
climate. The seed source that yields the highest number of surviving trees in the last stage n
after H years will be denoted as the best provenance. Note that throughout this study, we use
the term "harvest" to quantify the final size of the cohort. Maximizing the size of a cohort (i.e.
the number of individuals reaching peak reproductive stage) also achieves conservation goals
when individuals are not harvested.

For the sake of illustration, we characterize each provenances by the mean annual temperature
that would maximize the survival of trees from that provenance in a constant climate (their
thermal optimum, ). This choice is motivated by the fact that mean annual temperature
is frequently used to characterize the climatic niche of different provenances in experimental
plantations (e.g., Pedlar et al. 2021a,b; Wang et al. 2006). Our model could however be similarly
applied to any climatic variable or combination of climatic variables affecting life history traits
and characterizing the climatic niche of the different provenances (6 would then be a vector
with all relevant niche dimensions, e.g., showing the optimal position along precipitation and
temperature gradients). Each cohort is made up of trees from a single provenance, all of which
share a constant thermal optimum throughout their life. The thermal niche width of this cohort is
however allowed to vary across life stages, reflecting different sensitivities to temperature change.
To evaluate the robustness of our predictions, we later relax the assumption that all individuals
in the cohort have the same thermal optimum. Individuals from the same provenance may indeed
vary in their response to temperature and seed sourcing strategies may involve mixing different
provenances (Breed et al. 2018; Whittet et al. 2016). These numerical results are presented in
supplementary material S1.

We assume that the annual survival rate declines as individuals are exposed to temperatures
deviating from their thermal optimum. For mathematical convenience and building upon pre-
vious theoretical quantitative genetic models of adaptation to variable environment (Cotto and

Chevin 2020), we more precisely define the survival rate in stage i (s;) as a Gaussian function
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of the current temperature 7} in year ¢, with s; nax being the maximal survival rate in stage i:

(9-1;)2)

2
2w;

Si(eaTt) = Sj,max €XP < (11)

An individual has the highest probability to survive when the yearly temperature matches its
thermal optimum 73 = #. The parameter w; scales the thermal tolerance of an individual in
stage 7: according to the above expression, when the temperature deviates from its optimal

temperature (#) by w; degrees, the survival rate is reduced by a factor 1 — 672 A 40%.

Stage structure dynamics

We track the number of individuals in a stage-structured population under this scenario (Fig. 1).
The transition probabilities between stages, from year to year, are described by an n-by-n matrix
M, and the number of individuals in each stage is stored in a vector INy. Each year, individuals
can either remain in their current stage if they survive and do not grow sufficiently to transition
(with probability s;(0,T;) x (1 — g;)), die (with probability 1 — s;(0,T})), or transition to the
next stage if they survive and grow (with probability s;(6,T;) x g;), where g; is the probability
of growing to stage i + 1 conditional on survival. We only allow transitions to occur to the same
or the following stage, i.e., we assume trees neither shrink nor skip stages. Hence, at the next

time step t + 1, the number of individuals in each stage is:
N1 =M@, Ty) - Ny (1.2)

We do not explicitly consider the effects of density-dependent competition on survival, but
assume that empirical estimates of survival and growth rates in natural populations that we
use to parameterize the model already integrate the effect of competition and were measured at
densities relevant to our forestry scenarios. Individuals can remain in a stage for several years,
and different individuals can stochastically grow to the next stage at different ages. We denote
by a; the age at which an individual makes the transition from stage i to stage i + 1, where
ie€l,...,n—1]. We define @ = [ay,..., an_l]T as the individual’s life history, containing the
age at which an individual transitioned to each stage, given that it reached the last stage before
harvest, and p(@) as the fraction of surviving individuals at harvest with this realized life history.

We also investigate a scenario where both growth (g;) and survival (s;) rates depend on tem-

perature, which shows very similar results to the case discussed in the main text (Supplementary
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material S2; Suppl. Fig. 3).

Analytical predictions

We derive an expression for the expected number of mature trees at harvest time, Ny, given
an initial cohort of Ny seedlings from a provenance with thermal optimum 6. We begin by
assuming that all trees share a particular life history d@. Indeed, when the time spent in each
stage is fixed, we can apply the age-structured results of Cotto and Chevin (2020) for multiple
rounds of Gaussian selection on a single cohort. At harvest, the pool of remaining individuals

is formed by the individuals that have survived each stage and reached the last:

ai a; H
E[Ngld] = No[[s10. 7)) x - x [ 0. T) x---x J[ sa0,T)  (13)
t=1 t=a;_1+1 t=anp_1+1

Because equation 1.3 is a product of Gaussian functions, we can use the result of Cotto and

Chevin (2020) to write the expected number of remaining individuals as:

. . 0 — Tyo(@))?
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According to equation 1.4, the probability that an individual with life history @ survives
until harvest is maximal and equal to siot,max (@), if its thermal optimum 6 matches the realized
temperature experienced across its life span Tio (@), weighting the temperature at each age by
the thermal tolerance of the stage corresponding to that age as in equation 6. The "cumulative

thermal tolerance" experienced by an individual with a growth trajectory @ across its life span
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is measured by wiot (@), which can be computed as w? (@) = %2, where @? is the harmonic mean
of the squared thermal tolerances experienced by an individual throughout its life, as given by
equation 1.5. If temperature tolerance is constant throughout life (i.e., w? is constant at w?), then
w2 (@) = "J—; In this case the best provenance has a thermal optimum equal to the midpoint
temperature experienced during the life span of a tree (i.e., when 0 = Ti (@) = % Zil Ty,
Cotto and Chevin 2020).

The above result applies only to stage-structured populations when there is a fixed amount of
time between stages, in which case the stage-structured model is equivalent to an age-structured
model. More generally, because individuals of the same cohort will vary stochastically in the
time they spend in each stage, we must consider all possible life histories (@) to estimate the
number of remaining individuals at harvest.

Accounting for all possible life histories, the pool of individuals that survive and grow to

harvestable size by time H is expected to be:
E[Ng| = p(@) E[Ng|d) (1.8)

where p(@) is the probability of the life history @ conditional on survival until harvest, given by
p(@) = T (1 = gi)% %11 g; with ag = 0.

For the sake of illustration, we explore the prediction of this analytical model in the simple
case where there are only two stages (e.g., adults and juveniles). In this simple case, the life
history of a surviving individual can be uniquely characterized by the age at transition between
the two stages (e.g., age at maturity). We also assess whether predictions about the best
provenance, using equation (1.4) and the average age at transition in the cohort, provide a good
approximation for what happens in the more complex stage-structured case where individuals
may differ in their life history. We numerically look for the best provenance maximizing E[Npy]
when integrating across all possible growth trajectories, using equation (1.8). We also compute
the mean age of maturation ¢ among survivors at harvest, integrating across all possible life
histories for a given life cycle, and use that value to compute Tiot(a) as in equation (1.6).
We compare the thermal optimum of the best provenance predicted by the two methods. To
generate variation in the mean age of maturation among survivors at harvest, we repeat these
calculations, drawing 500 values of g, $1 max and s2 max from uniform distributions between 0.01

and 0.99.
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Simulations with vital rates for twenty long-lived tree species

We now turn to more complex life cycles, with more than two stages, and explore how the best
provenance varies as a function of life history parameters. We extract empirically measured
transition matrices (M) for long-lived tree species from the COMPADRE database (Salguero-
Gomez et al. 2015) and perform simulations using equation (1.2) for these examples. It should be
noted that the transition matrices gathered are quite variable in the way that they categorize life
stages, both in the definition and number of stages (see details in Supplementary material S4).
We assume that these trees are adapted to the climatic conditions in which they are currently
growing. This allows us to estimate s; max and g; from the transition rates between stages in the
empirical matrices by assuming that the vital rates are at their optima.

In our model, we assume that different provenances of the same species have different cli-
matic optimum, but they have the same vital rates as long as they are each at their optimal
temperature. For each species, we investigate how different provenances perform in the face of
climate change. We vary the thermal optimum of the provenance 6 between the current tem-
perature at the planting site Ty to Tp + 4°C, in increments of 0.01 degrees. The thermal optima
of the provenances span the range of temperatures predicted over the life span of the trees for
all warming scenarios considered (see below and Table 1.1). Each simulation iterates equation
(1.2) for H years and computes the number of individuals that have reached the last stage (n) at
harvest, Ng. We then numerically look for the provenance whose thermal optimum (6) results in
the largest number of survivors, called the best provenance. Stand rotation periods in forestry
vary widely among species, climates, and management practices, from less than 12 years for
some fast-growing tropical species to more than 150 years for some oak stands (Bauhus et al.
2009). In the simulations, we consider a mid-range rotation period, with harvest occurring after
H = 60 years (some simulations were run with longer rotation time in Supplementary Material
S6).

Simulations are run in Wolfram Mathematica (Version 12.0.0.0) while numerical searches
for the best provenance are conducted in R (Version 4.2.3). Both scripts can be found in
Supporting Information (Code S1 and Code S2). We checked that simulations, described above,
and the analytical predictions from equation 1.8 yield identical results for a two-stage life cycle

(Supplementary material S3; Suppl. Fig. 4).
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Species selection We filter the COMPADRE database by “OrganismType” to obtain demo-
graphic parameters for tree species. As data on local adaptation for tropical tree species are
scarcer and the impact of climate change is less straightforward (Aitken and Bemmels 2016;
IPCC 2021), we also filter by “Ecoregion” to keep only non-tropical trees. The following ecore-
gions are retained in our data set: Temperate Broadleaf and Mixed forests (TBM), Temperate
Coniferous Forests (TCF), Boreal forests and taiga (BOR), Montane grasslands and shrublands
(MON), Temperate grasslands, savannas, and shrublands (TGS), Mediterranean forests, wood-
lands and scrubs (MED). We obtain 47 species in total. From these, we select 19 species which
had complete matrices and for which individuals had reached the last stage before the time of
harvest (set to 60 years). When several matrices are available for a species, we keep those that
pooled all years, locations, or treatments to consider typical growth trajectories. We also add
a matrix for American beech (Fagus grandifolia) originally described in Harcombe (1987). To
test that our qualitative conclusions hold for trees with a slower growth and thus longer harvest
time, we use a harvest time of 100 years and three matrices of species that reach the last stage
after 60 years and before 100 years (see Supplementary Material S6). Details about the matrices

used can be found in Supporting Information (Data S1).

Modelling the change in tolerance across the life span of trees The breadth of thermal
tolerance in trees is typically estimated through translocation and provenance tests in common
gardens (Aitken and Bemmels 2016; Aitken et al. 2008; Matyéas 1996; Schmidtling 1994; Sork
et al. 2013; Wang et al. 2010). We unfortunately failed to find such data on survival as a
function of climatic distance for any of the species that we have selected in the COMPADRE
database. Consequently, we cannot estimate thermal tolerance and how it changes across life
history stages for any of the species with demographic data (see Appendix A for details on the
data collected and the attempt to estimate the change in thermal tolerance with tree age). In
the absence of such data, we explore the theoretical impact of changes in thermal tolerance on
harvest using a simple hypothetical linear model for variation in thermal tolerance with stage:
w?=wi(1+b(i—1)). A positive or negative value of b corresponds to a scenario where older
or younger trees are more tolerant to temperature changes, respectively.

We investigate the effect of both scenarios of increasing or decreasing tolerance with age

with our analytical model for a life cycle with two stages. Because this analysis shows the

results to be quite symmetrical, and because younger trees are expected to be less tolerant
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than fully grown trees, we focus only on cases with positive b in the simulations. We hold the
cumulative thermal tolerance wiot (@) constant across species and also within species when we
contrast different scenarios for change in thermal tolerance across stages: we then vary the value
of b, which, for a constant wie (@), determines the value of the thermal tolerance of the first
stage (w1).

To calculate stage-specific tolerances for each species, while holding the cumulative thermal
tolerance wyot (@) constant, we approximate the typical life history @ of each species by calculating
the expected time spent in each stage ¢ from the fundamental matrix F, such that F = (I —
M)~! (see Caswell et al. 2018). The expected age of maturation from stage i to stage i + 1 is
a; = 22:1 F1;. These values are rounded to the next integer to obtain a typical life history
for that species. We then use such values of a; and replace the stage-specific tolerances by
w? =w?(1+b(i —1)) in equation 1.5, to obtain the value of wy as a function of b and wiet (@)
for each species. This method to compute the average ages at transition between stages is not
conditional on the survival of individuals to the last stage, so the life history used to estimate
wiot (@) may differ in some cases from the realized life history of harvested individuals. We find
that, as a result, the effective cumulative tolerance of species is on average 0.1°C higher than
the theoretical cumulative tolerance, with 95% of effective cumulative tolerance values less than
0.5C above the theoretical cumulative tolerance initially set.

In the different figures, we represent the extent of change in thermal tolerance during on-
togeny by the ratio of thermal tolerance in the last and first stage w, /w;. Note that varying this
ratio within each species helps evaluating how much the choice of the best provenance depends
on the (unknown) change in thermal tolerance across life. This ratio is actually likely to vary
between species, in particular because of the variable definition of the first stage in the different
tree life cycles from the COMPADRE database.

We replicate these simulations for 3 different values of the cumulative thermal tolerance
wiot(@): 2, 3.5 and 5°C. The choice of order of magnitude for these values is inspired by the
results of Rehfeldt et al. (1999). In that study, one-year-old seedlings of Pinus contorta were
planted and survival was estimated at age 20 for two different provenances, yielding an estimate
of the cumulative thermal tolerance of & 2.75°C over 20 years. If thermal tolerance did not vary
with age, this would predict a cumulative tolerance over 60 years of less than 1°C according to
equation 1.5. If tolerance increases with age as we suspect, we however expect the cumulative

tolerance over 60 years to exceed the latter estimation. The chosen values contrast situations
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where the climatic niche of trees is relatively narrow, intermediate or wide, while being not

widely unrealistic given extant evidence on survival tolerance to temperature in forest trees.

Scenarios of environmental change To better understand the interactions between the rate
of warming and the species life cycle affecting the choice of the best provenance, we simulate
scenarios where each species is submitted to the same average warming trend. We first consider
a linear increase in mean annual temperature, at speed k, such that T, = Ty + kt (average
warming in 60 years in table 1.1), where k = %

We parameterize the rate of change k in mean annual near-surface air temperature using
the latest climate change projections available, the CMIP6 climate models, available in the
Intergovernmental Panel on Climate Change (IPCC) WGI Interactive Atlas. The projected
mean increase in annual mean air temperature for the WGI reference regions can be downloaded
as GeoTIFF maps from the compilation of 34 different climate models at https://interactive-
atlas.ipcc.ch. We consider three temperature warming scenarios estimated in the IPCC Sixth
Assessment Report (Table SPM.1; IPCC 2021): SSP2-4.5, SSP3-7.0 and SSP5-8.5. We choose
to use the period 1995-2014 as a baseline and the projected temperatures in 2081-2100. To
approximate the temperature increase in the regions where the species occur, instead of using
the global average, we retrieve the predicted increase in mean annual air temperature at the
geographic coordinates given for each demographic transition matrix that we downloaded from
COMPADRE (see Supplementary Material S5; Suppl. Fig. 5). From this, we compute the
predicted rate of increase in mean annual air temperature at each species location per year and
average this value over all locations to obtain k. We also use a scenario with no warming as a
control.

Table 1.1: Temperature warming scenarios

Scenario IPCC scenario Average warming in 60 years
Control - +0°C
Intermediate SSP2-4.5 +1.7°C

High SSP3-7.0 +2.6°C

Very high SSP5-8.5 +3.3°C

To test the robustness of the results to random variation in mean annual temperature around

that trend, we also run simulations where each year the temperature fluctuates around the
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intermediate warming trend (+1.7°C). Each year, the value of the annual mean temperature is
randomly drawn from a normal distribution centered on the value of T}, which increases linearly
over time.

We consider three temperature fluctuation scenarios based on the estimates of Olonscheck
et al. (2021). Inspired by their reported historical global average of observed and simulated local
standard deviations of 0.44 and 0.47°C, we explore a scenario, which we call moderate fluctua-
tions, with the standard deviation around the mean annual temperature of 0.5°C, assuming no
major change in the future in the extent of year-to-year fluctuations in temperature. Different
climate models examined in Olonscheck et al. (2021) consistently predict decreased year-to-year
fluctuations in mean temperature at high latitudes and increased fluctuations in the tropics by
the end of the century, but the predictions do not converge in many parts of the world. Given this
high uncertainty, we also explore two scenarios with 30% weaker or 30% stronger fluctuations
(corresponding to standard deviations of 0.35 °C and 0.65 °C, respectively).

For the sake of illustration, we run the simulations with fluctuations around the mean annual
temperature for two species with contrasting life histories (C. decurrens and A. concolor, both
with n = 5 stages). We replicate each scenario 100 times to explore different temperature
trajectories and determine the best provenance for each replicate. We here simulate cohort
survival for a broader range of provenances thermal optimum (ranging from -5°C below to 5°C
above the current local temperature) to account for instances of low temperatures that may
occur stochastically in some runs. We consider two cases: constant thermal tolerance over the

trees lifespan (ws/w; = 1) and lower temperature tolerance in young trees compared to old ones

(W5/w1 = 9)

Results

Analytical results in a two-stage case

To better understand the impact of changing thermal tolerance across the lifespan, we first
explore a simplified two-stage case with juvenile and mature trees, for which general analytical
predictions are illustrated. While a two-stage model is a gross simplification of the life cycle of
trees, this simple case has the advantage that life history impacts the best provenance through
a single parameter, a, the age at which trees transition to the adult stage. This toy model

will help us better understand the results for more complex life cycles. Fig. 1.1 shows how
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the number of surviving trees in a cohort with a given life history varies depending on the
thermal optimum of the planted provenance. Our equations predict that, quite intuitively, the
best provenance to plant has a higher thermal optimum (70t (@) as in equation 1.6, i.e., is more
warm-adapted, when climate change is faster or when rotation time is longer (as illustrated in
Fig. 1.1). The best provenance, however, does not vary with the cumulative thermal tolerance
(wiot (@); compare panels A and B in Fig. 1.1), depending only on the relative change in thermal
tolerance across the life span as shown by equation 1.5. Interestingly, even when planting the
best provenance, the maximal number of surviving trees in the cohort (i.e., Stotmax(@) as in
equation 1.7) is less in scenarios where the climate changes within the course of trees life than
in the absence of climate change (compare coloured curves in Fig. 1.1). Our model predicts
that assisted gene flow can therefore, at best, only partly mitigate the negative consequences of
a warming climate. The part of unavoidable loss in harvest increases with more rapid climate
warming, longer time before harvest (compare full to dot-dashed line in Fig. 1.1), and when
trees have narrower climatic niche (i.e., smaller cumulative tolerance over their lifetime, compare

panels A and B in Fig. 1.1).
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Figure 1.1: The potential loss in harvest from planting sub-optimal provenances is greater if trees
have low cumulative tolerance (panel A versus panel B), especially under more severe climate
warming scenarios in 60 years (colored curves) and if time before harvest is longer (dot-dashed
curves versus solid curves). For each scenario, the dashed vertical lines represent the thermal
optimum of the best provenance. For the climate warming scenario of +1.7°C in panel A is
indicated the best provenance to plant (Tiet(a@)), the maximal number of surviving trees in the
cohort (Stot,max(@)) and the cumulative thermal tolerance (wot(@)). The latter is also indicated
on the same curve in panel B, for comparison. For the scenario of harvest after 100 years,
the very high warming scenario (of 3.3°C in 60 years) gives a warming of 5.5°C in 100 years.
The curves were produced with the two-stage analytical result with the following parameters:
s1 = 0.61, s = 0.98 and g = 0.012.

Fig. 1.2 shows how life history influences the best provenance to plant. If thermal tolerance
is equal in both stages (wy/w; = 1), the thermal optimum of the best provenance does not
depend on the age of maturation from juvenile to mature tree (a). When tolerance changes
across the trees life, the thermal optimum of the best provenance is however pulled towards the
temperatures experienced in the least tolerant stage, with the extent of this pull determined by

the duration of this stage (Fig. 1.2). Time spent in the least tolerant stage furthermore has a
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non-monotonic effect on the choice of the best provenance: when juveniles are less tolerant to
temperature changes and the juvenile period is short, increasing the length of the juvenile period
makes the choice of cooler-adapted provenance more advantageous, but when this juvenile period
is very long it is best to select warmer-adapted provenances. If time spent in either phase is very
long (such that the trees experience most years in that stage), the thermal optimum of the best
provenance is close to the average temperature experienced during the period. Differences in
thermal tolerance across life stages matter most when the age of the transition between stages

is intermediate, such that a significant part of life is spent in each stage.
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Figure 1.2: The best provenance is determined by variation in thermal tolerance across life
stages (colored curves), and the duration of the juvenile phase. The analytical results from a
two-stage model are illustrated with a climate warming scenario of +1.7°C in 60 years. The
extent of the change in thermal tolerance during ontogeny is represented by the ratio between
the thermal tolerance of mature trees and juvenile trees (ws/w;) shown with colors. Solid
lines represent the thermal optimum of the best provenance using the age-structured analysis,
i.e., assuming the whole cohort grows from juveniles to mature trees at age a (predicted using
equation 3). Dots show the thermal optimal provenance in a stage-structured framework, i.e.,
when individuals stochastically can grow at different ages (predicted using equation 8), for 500
sets of random values for g, 51 max and s max drawn from uniform distributions between 0.01
and 0.99, conditional upon survival. The x-coordinate gives the average maturation age among
individuals surviving to harvest for each set of life history parameters. The dotted horizontal
line indicates the average temperature between planting and harvest.

The above line of reasoning applies when all individuals have the same life history and
should work well to predict the thermal optimum of the best provenance in a stage-structured
population if there is little variation in life history among those that survive until harvest. In
Fig. 1.2, we compare the thermal optimum of the best provenance as a function of the mean age
of maturation among survivors at harvest (dots) in the stage-structured analytical predictions
for a fixed age of maturation between stages (curves). All previous qualitative conclusions about

the thermal optimum of the best provenance, assuming a fixed life history, hold in the stage-
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structured model, and the quantitative predictions assuming a constant life history lack precision
only when the age of transition between stages is intermediate. In those cases, the mean age at
transition hides a great deal of variation in life histories with some individuals maturing early
and others late. Stochastic realizations of each individual’s life history then tend to lengthen one
stage or the other, causing the optimum in the stage-structured model to be a bit less sensitive
to differences in thermal tolerance than the strictly age-structured model (dots are closer to the
case where w; /we = 1 than the lines in Fig. 1.2).

We find that relaxing our assumption of a homogeneous cohort (i.e., increasing the phe-
notypic variance at the plantation site) is unlikely to change our predictions about the best
provenance much (Eq. S1.1b and Suppl. Fig. 1.1). In the scenario of a variable cohort, we ob-
serve that increasing the initial phenotypic variance decreases the expected number of survivors
when planting the best provenance, but that higher phenotypic variance can minimize the loss
of survivors when planting a subpar provenance, for example if climate deviates strongly from

our expectation (Eq. S1.1b, Suppl. Fig. 1.2).

Simulation results

Optimal provenance for 20 non-tropical tree species in a warming climate In accor-
dance with the analytical predictions, when the thermal tolerance is constant over the lifetime
of the trees (w;/w; = 1), the thermal optimum of the best provenance matches the average
temperature over the period and does not vary across species (but is warmer if temperatures
rise faster) (Fig. 1.3). When young trees are less tolerant to temperature changes than old
trees (w;/wi > 1), the thermal optimum of the best provenance decreases, as predicted ana-
lytically, and becomes increasingly different among species depending on their life history (see
Supplementary Material S6 for similar conclusions for species with longer rotation times). The
optimal provenance for species that spend many years in the first and least tolerant stage is
cooler and much nearer current temperatures (darker curves in Fig. 1.3) than for species that
mature earlier (lighter curves). The ranking of species can reverse if this first stage is both
poorly tolerant to climate variation and prolonged, as young individuals will then be exposed
to warmer temperatures. This pattern is consistent with the non-monotonic effect of changing
the age at transition between stages shown in Fig. 1.2. We however caution that stage-specific
temperature sensitivities are likely to differ between species and that empirical data on w; across

the lifespan of trees is needed for species-specific predictions.



Chapter 1. Planting long-lived trees in a warming climate 37

+1.7°C +2.6°C +3.3°C Length of the

— first stage (years)
O +1.75- ;
2
- 3
+1.5 1 —t
-5
-6
-7

+1.25 1

+
-_—
1

+0.75

Pinus ponderosa
Quercus mongolica
Pinus lambertiana
Pterocarpus angolensis
Torreya taxifolia

+0.5 1

Dendropanax trifidus
Picea glehnii
Abies concolor

+0.25 1

Thermal optimum of the best provenance (

1 3 5 7 9 1 3 5 7 9 1 3 5 7 9
Extent of change in thermal tolerance during ontogeny (w,/®+)

Figure 1.3: Variation in the best provenance to plant is illustrated using the life history tra-
jectories for twenty long-lived tree species. The less tolerant younger trees are to changes in
temperature compared to older trees (the larger w,/wi along the x-axis), the cooler the best
provenance. The effect is shown for 3 warming scenarios (panels). Each curve represents a
species and is coloured by the length of their first life stage (transition matrices that considered
seeds or seedlings spend only one year in this stage). The vertical line indicates the case where
tolerance is constant across all stages. For each warming scenario, the dotted horizontal lines
correspond to the average temperature over the period.

Comparing the performance of different seed sources We seek to assess the accuracy
of using simple rules for provenance selection, considering that critical parameters, such as how
thermal tolerance changes over a species lifespan, are often unknown. In our simulations, we
consider three seed sources: (1) the “local” source, which we here assume to be adapted to
the current climate with optimal temperature matching the expected temperature when the
cohort is planted (2) the model-predicted best provenance, and (3) a provenance adapted to the
predicted temperature at one quarter of the rotation time (i.e., in the present scenario in 15
years) (O’Neill et al. 2017). We compare the predicted harvest loss when planting each seed
source (Fig. 1.4 and Supplementary Material 1 - S7; Suppl. Fig. 1.7). For all species examined,
our model predicts that the benefit of planting the best provenance (yellow) compared to the
local provenance (black) is significant when all stages are assumed to be equally tolerant to

temperature changes: using the best provenance instead of the local provenance then allows
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reducing loss from 4% to less than 1% in Fig. 1.4 and these gains are considerably greater if
climate change is faster and/or cumulative thermal tolerance is set to be smaller (Supplementary
material 1 - S7; Suppl. Fig. 1.7). The benefits of assisted gene flow are however predicted to
diminish when younger trees are much less tolerant than older trees (w, >> w), with the best
provenance performing only slightly better than the local provenance (Fig. 5 and Supplementary
material S7; Suppl. Fig. 1.7). This happens because the best provenance is then cooler-adapted
and less different from the local provenance. Our model predicts that the recommendation from
O’Neill et al. 2017 (blue) performs nearly as well as the best provenance (yellow) when juveniles
are less tolerant to temperature changes than older trees, but not quite as well if all stages are
equally tolerant (at most the loss of harvest is 2% as opposed to the 1% for the best provenance

in Fig. 1.4).

Abies concolor Abies magnifica Abies sachalinensis Acer saccharum Alnus incana rugosa
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Figure 1.4: Large losses in harvest could be avoided for all species by planting the best provenance
(yellow) or the provenance adapted to the temperature at one quarter of the rotation time
(+0.43°C; blue) as opposed to planting the local provenance (black), but the benefit is reduced
if young trees are less tolerant to changes in temperature as compared to older trees (wy, /w1
increases) in an intermediate climate warming scenario of +1.7°C. The cumulative thermal
tolerance is held fixed across the life span at wiot(@) = 3.5°C. Harvest loss is measured against
the performance of the local provenance in a scenario with no climate change. The vertical
dotted line indicates the case where tolerance is constant across all stages.
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Climate fluctuations We assess the robustness of the previous predictions by letting the
annual temperature fluctuate from year to year around a warming trend. Fluctuations in the
average annual temperature result in a reduction in harvest on average (Fig. 1.5). We however
find that the provenance that performs best on average is not different from the one estimated
without fluctuations (Fig. 1.5). There is nonetheless a lot of variability among runs (and thus
uncertainty) in the thermal optimum of the best provenance with temperature fluctuations,
indicating that the realized climate trajectory may randomly have been warmer or colder than
expected, which would favour a warmer or cooler provenance, respectively. This variance in
best provenance across realized climate trajectories is much larger when stages have different
thermal tolerances (Fig. 1.5B and Fig. 1.5D) and when the least tolerant stage lasts only for a
few years (compare Fig. 1.5B and Fig. 1.5D): when the first stage is poorly tolerant to changes in
temperature, the best provenance depends primarily on the temperatures experienced randomly
during the first few years of life: individuals must be well adapted to the temperatures in their
first years to survive. In particular, if those early years are unusually cold, the thermal optimum
of the best provenance to plant may even be cooler than the local provenance. The variability
in harvest associated with interannual fluctuations is however smaller if diversified provenances
are planted (Suppl. Fig. 2).

We assess the robustness of the previous predictions by letting the annual temperature fluc-
tuate from year to year around a warming trend. Fluctuations in the average annual temperature
result in a reduction in harvest on average (Fig. 1.5). We find, however, that the provenance
that performs best on average is not significantly different from the one estimated without fluc-
tuations (Fig. 1.5). There is nonetheless significant variance among runs (and thus uncertainty)
in the thermal optimum of the best provenance with temperature fluctuations, indicating that
the realized climate trajectory may randomly have been warmer or colder than expected, which
would favour a warmer or cooler provenance, respectively. This variance in best provenance
across realized climate trajectories is much larger when stages have different thermal tolerances
(Fig. 1.5B and Fig. 1.5D) and when the least tolerant stage lasts only for a few years (compare
Fig. 1.5B and Fig. 1.5D): when the first stage is poorly tolerant to changes in temperature, the
best provenance depends primarily on the temperatures experienced randomly during the first
few years of life: individuals must be well adapted to the temperatures in their first years to
survive. In particular, if those early years are unusually cold, the thermal optimum of the best

provenance to plant may even be cooler than the local provenance.
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Figure 1.5: Random interannual fluctuations can lead to a reduced harvest for Calocedrus decur-
rens (panels A and B) and Abies concolor (panels C and D), but with increased variability when
young trees are less tolerant to changes in temperature as opposed to older trees (ws/w; = 9 for
panels B and D versus ws/w; = 1 for panel A and C), and for Calocedrus decurrens, a species
that remains in the first stage for a shorter time. Environmental temperature increases under
the intermediate climate warming scenario of +1.7 °C either linearly (black), with a variance
given by the global average of locally observed values for interannual fluctuations (sd = 0.5°C;
pink) or, with lower or higher variance (sd = 0.35°C; yellow, or 0.65°C; blue). Each scenario
of climate warming with fluctuations is replicated 100 times with random draws of temperature
around the warming trend. Each curve represents the harvest for each provenance relative to
the harvest of the local provenance without climate change. The light vertical lines represent
the thermal optimum of the best provenance for each run with fluctuations. The darker vertical
lines represents the average of such thermal optima. The cumulative thermal tolerance across
the life span is held fixed at wiot(@) = 3.5°C.
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Discussion

The best seed source for assisted gene flow in long-lived species depends on

how tolerance to climate changes along life

Several authors have suggested that assisted gene flow could mitigate the negative effects of
climate change (e.g., Browne et al. 2019; Milesi et al. 2019). Recent modelling however suggests
that the short-term conservation benefits of assisted gene flow may often be modest in large pop-
ulations, unless pre-adapted genetic variants of large effects are introduced at large frequencies
(Grummer et al. 2022). This makes the identification of pre-adapted sources of seeds particularly
critical for the success of assisted gene flow in forest trees. The choice is indeed complicated by
a trade-off in long-lived species, where adaptation to a warmer climate at the adult stage may
come at the cost of poor adaptation to cooler climates while still juvenile. We have modeled
the survival of a single cohort of trees in a changing climate and showed that, to maximize the
number of surviving trees, the choice of the best provenance critically depends on differences
between life stages in their tolerance to climate. When thermal tolerance is constant over the
lifespan of a tree, the best provenance is the one whose thermal optimum corresponds to the
average temperature observed over this period, which increases with the rate of climate warming
before harvest. When there is stage-specific thermal tolerance, the best provenance is pulled
towards the temperature experienced in the least tolerant stage, weighted by how many years
are spent in that stage. The thermal optimum of the best provenance is cooler than the average
temperature across the period when young trees are less tolerant to changes in temperature and
warmer when older trees are less tolerant. This effect of time spent in the least tolerant stage is
complicated, because, the longer individuals stay in this stage, the more variable temperatures
they experience while in that stage. We showed the predictions of this simple model to be quite
robust to variation in the trees life cycle and the number of stages, the presence of variation
in climatic niche within the provenance and the stochastic fluctuations of climate around the
warming trend. While we have focused on temperature for the sake of illustration, the same
conclusion would apply for any climatic variable or combination of climatic variables affecting

tree growth and survival (e.g., precipitation).
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We lack information on critical parameters to determine the best seed source

Our model shows that changes in tolerance during the life of the species are particularly relevant
in determining the best provenance for assisted gene flow. Yet, quantitatively estimating these
changes in different species throughout the life of a tree is not trivial. There is a need for further
empirical estimates of how tolerance to climatic variables varies with tree ontogeny and affects
the growth and survival of trees at different life stages. Some studies have attempted to answer
these questions by looking at changes in the stage distribution of trees across space along climatic
gradients (e.g., Bell et al. 2014; Lenoir et al. 2010; McLaughlin and Zavaleta 2012), but lags in
responses to climate change confound the interpretation of these patterns (Heiland et al. 2022).
Long-term provenance trials, where different seed sources are planted on multiple sites, are
invaluable for assessing the risks and benefits of assisted gene flow. While there are older trials
for some common species (e.g., Carter 1996; Rehfeldt et al. 1999; Schmidtling 1994; St. Clair et
al. 2022), establishing new common gardens, with responses to climate changes in mind (such as
Du et al. 2019; Kueppers et al. 2017; Munier et al. 2010), should be a priority. Another approach
is the analysis of tree rings in regards to past climate change. Several such studies reveal that
trees of different age and size vary in their growth response to past climatic variation (see Au
et al. 2022; Carrer and Urbinati 2004; Depardieu et al. 2020; Housset et al. 2018; Latreille et al.
2017; Marquis et al. 2020; Masek et al. 2021; Pompa-Garciéa and Hadad 2016). Unless the entire
historical population can be sampled (including dead trees), studying only those individuals who
survived past climatic fluctuations may however lead to an overestimation of tolerance in older
age classes due to survivor bias (Duchesne et al. 2019, similar to the slow-grower survivorship
bias reported in Brienen et al. 2012).

While younger life stages are generally thought to be less tolerant to climatic stress than
larger trees (e.g., Black and Bliss 1980; Kueppers et al. 2017; Munier et al. 2010; Pompa-Garciéa
and Hadad 2016, though see Du et al. 2019 for an exception), several considerations may make
our predictions about the best provenance more complex. First, younger and older stages may
be sensitive to different climatic factors, rather than overall less or more tolerant to any stress
(Masek et al. 2021). Competition within and between species is a strong determinant of sur-
vival, especially in younger trees (Kunstler et al. 2021). Climate-associated mortality in young
stages may be balanced by reduced density-dependent mortality. The effects of competition
may therefore make seedling survival less sensitive to climatic conditions, favouring the choice

of warmer-adapted provenances for plantation. The exact practices to implement assisted gene
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flow could also affect our predictions: for instance, greenhouse or nursery cultivation of seedlings
before transplantation makes their survival less affected by local temperature than trees regen-
erating from seed in colder natural environments.

Finally, even if our model correctly predicts the thermal optimum of the best provenance,
information about thermal optimum is not available for many potential seed sources. Given that
climate change has already increased temperatures by an average of around one degree C globally
(IPCC 2021), current temperatures may not match thermal adaptation of local sources that are
adapted to pre-Anthropocene temperatures (as for instance for Quercus lobata, see Browne et
al. 2019). Predictions of climate adaptation based on genomic data and genetic-environment
associations is increasingly considered as an alternative to the assumption of systematic local
adaptation, but these methods are also in need of further validation (Capblancq et al. 2020). Our
model also assumes that the temperature maximizing the survival of an individual is the same
for all its life, which is not necessarily the case if juveniles and adults have different climatic
preferences. While it is straightforward to modify our model to include this possibility, we
critically lack information about differences in thermal optimum between adults and juveniles

in most species.

Uncertainties remain high about the costs/benefits ratio of assisted gene flow

Many uncertainties must be considered when discussing the balance of costs and benefits asso-
ciated with shifting genotypes in response to or in anticipation of climate change (Srivastava
et al. 2021).

The first level of uncertainty relates to the identification of the provenance that will perform
best in a given climate scenario. Our model predicts how much tree mortality could be avoided
by planting sources better adapted to future climate than the local source. Interestingly, we
found that these losses can be reduced even when information to identify the best provenance
is not available, by using a simple rule of thumb, such as planting provenances well adapted
to the expected climate at one quarter of the rotation period. Using the best provenance also
does not avoid all loss in a changing climate, because of the trade-off between early and late
adaptation, described as the cost of within generation selection in Cotto and Chevin (2020).
Our model predicts that planting warmer provenances in a warming environment can reduce
tree mortality in a changing climate, but the benefits are only modest if climate change is not

very fast, climatic tolerance is wide and young trees are much less tolerant to climate than old
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ones. Costs of translocation could therefore outweigh the advantages when early life stages are
less climate-tolerant than later stages. Indeed, populations are not only climate-adapted but
also locally adapted to other factors such as photoperiod, pollinators, and pests (see Giencke
et al. 2018 for an example of phenological mismatch and Wadgymar et al. 2022 for a review on
local adaptation in plants). Translocated warmer provenances might, therefore, under-perform
compared to local provenance even if they are better matched to the future climate. The benefits
of assisted gene flow however increase if the local provenance is already maladapted to the current
climate because of past climate warming: a warmer-adapted seed source may then increase the
survival of both early and late stages.

Our model also reveals a second level of uncertainty, the fundamental uncertainty associated
with interannual variation in climate and the prediction of future climate. Differences in climatic
tolerance between stages make predicting the best provenance of seeds with interannual variation
more difficult than when differences between stages are ignored. On average, the best provenance
that maximizes survival is not affected by these fluctuations, but in any realization of a sequence
of climatic years, the best provenance may differ greatly from this average. High fluctuations
around the expected performance of a provenance will be especially pronounced when there are
strong differences in climatic tolerance between stages and when sensitive stages are short and

so do not average across many years of climate variation.

Conclusions

This theoretical study helps answer questions about assisted gene flow in long-lived species.
Our model suggests that planting seeds from warmer sites in a warming environment has the
potential to mitigate mortality losses of a tree cohort, even under an optimistic climate change
scenario. Importantly, the length of time spent in each stage and the tolerance of that stage to
the expected climate can also be used to identify which stages are expected to experience high
mortality, which may help managers allocate resources across the life cycle (e.g., by thinning
to reduce competition or spraying for pests during that stage). A great deal of uncertainty
however remains about the optimal seed sourcing, particularly because variation in tolerance to
different climatic variables as a function of tree age or stage are not well known. This deserves
to be investigated further empirically, alongside more extensive modeling of assisted gene flow,

simulating mixing seed sources and alternative regeneration approaches, to better quantify the
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risks and benefits associated with assisted gene flow practices.
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Supplementary Material 1

S1. Increasing phenotypic variance at the plantation site

We extend the two-stage framework developed in the main text, assuming here that phenotypes
are normally distributed with mean phenotype # and phenotypic variance Py. We apply the
age-structured result of Cotto and Chevin (2020) for multiple rounds of Gaussian selection on a
single cohort (their equation 9) to write the expected number of mature trees at harvest time if

all surviving trees had grown from juveniles to mature trees at age a, as:

wi(a ) — Tiot(a))?
E[Ng(0)|a] = Ny stot,max(a) Po-:();%t)@b) exp <—W) (Sl.1a)

Considering all possible life histories until harvest, the remaining pool of individuals is formed

by the sum of the cohorts of individuals making a transition at the same age a:

= wi(a ) — Tiot(a))?
EINu) = N0 3(1 = 90" stot.ma(a) ]W”() exp (—m) (SL.1b)

a=1

The range of optimal annual temperatures maximizing survival over 20 years among different
provenances of Pinus contorta was found to span over 7.6°C (Rehfeldt et al. 1999). We set the
phenotypic variance (Py) in the plantation to 2°C? for a “moderate” variance scenario and to
6°C? for a “high” variance scenario, mimicking a situation where different provenances would be
planted together in the cohort.

We find that increasing phenotypic variance at the planting site does not affect our prediction
for the best provenance, but it does reduce the expected number of survivors when the best
provenance is planted (Suppl. Fig. 1.1). This makes sense as fewer individuals will have the
optimal phenotype in the initial cohort. When the planted provenance is very different from the
best provenance, phenotypic variance among the planted trees conversely increases the harvest,
because the cohort is more likely to contain some untypical individuals with a phenotype closer
to the optimum.

We next investigate if these conclusions hold in less predictable environments when the
temperature fluctuates around a warming trend. In agreement with Supp. Fig. 1.1, we find
that increasing phenotypic variance tends to decrease the average harvest (Supp. Fig. 1.2), but
also decreases variance in harvest between runs and avoids very large loss when maladapted

provenances are planted.
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Effect of increasing phenotypic variance
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Suppl. Fig. 1.1: Increasing phenotypic variance at the planting site has no effect on the prediction
of the thermal optimum of the best provenance (vertical lines), but it does reduce the harvest
when the best provenance is planted. When the thermal optimum of the planted provenance
planted is very far from that of the best provenance, however, phenotypic variance increases the
expected harvest. This result is depicted for a climate warming scenario of +1.7C in 60 years and
using parameters: s; = 0.61, so = 0.98 and g = 0.012. Three scenarios of phenotypic variance
are considered ("None", Py = 0°C?2, solid line), moderate phenotypic variance ("Moderate",
Py = 2°C?, short dash) or high phenotypic variance ("High", Py = 6°C?, long dash). Each
curve represents the percentage of maximum harvest produced by each provenance in each
scenario of phenotypic variance. The curves were produced with the two-stage stage-structured
model (equation S1b). The cumulative thermal tolerance across the life span was held fixed at
wiot(@) = 3.5°C and the extent of change in thermal tolerance across the lifespan was set to
(.Ug/wl = 46.
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Effect of increasing phenotypic variance when the climate fluctuates
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Suppl. Fig. 1.2: Increasing phenotypic variance (blue lines, Py = 6°C) under random inter-
annual fluctuations in mean annual temperature generally results in lower harvest than in the
case without phenotypic variance (black lines, Py = 0°C) but phenotypic variance limits the
loss in the case where the provenance planted is very different from the best provenance for a
climate warming scenario of +1.7C in 60 years and using parameters: s; = 0.61, so = 0.98 and
g = 0.012. Environmental temperature increases with standard deviation around the trend of
sd = 0.65°C. Each scenario was replicated 300 times. Each line represents the percentage of
maximum harvest produced by each provenance in each scenario of phenotypic variance and for
each random climatic trajectory. Cumulative thermal tolerance across the life span was held
fixed at wiet(@) = 3.5°C. Thermal tolerance across the lifespan was set to wy/w; = 46. The
curves were produced with the two-stage stage-structured model (equation S1.1b).

S2. Both survival and growth are sensitive to temperature

If both the survival and growth rates depend on temperature, we define, as before, the survival
rate in stage i (s;), as a Gaussian function of the thermal optimum of the provenance 5 and

the current temperature T} in year ¢, with s; max the maximal survival rate in stage i and ws;
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the thermal tolerance for survival in stage i:

_ 2
S’i(9871—;‘/) = S4,max €XP (M> (Sl.2a)

2
2“’5,1’

In this case, the growth rate in stage i (g;) is also expressed as a Gaussian function of the thermal
optimum of the provenance 6, and the current temperature 7; in year ¢, with g; max the maximal

growth rate in stage 7 and wg; the thermal tolerance for growth in stage i:

6, —T;)*
gi(eg,ﬂ) = Gi,max €XP <_(922t)> (SlQb)
wg7i

We then apply the same framework as the case where only survival is dependent on temperature:
each year, individuals can either remain in their current stage if they survive and do not grow
sufficiently to transition (with probability s;(6s,7;) x (1 — gi(04,T3))), die (with probability
1—s;(0s,T})), or transition to the next stage if they survive and grow (with probability s;(0s, T3) %
gi(ggv Tt))-

We focus on the effect of having both survival and growth dependent on temperature on the
optimal provenance, and for simplicity assume that survival and growth have the same thermal
optimum (65 = §,) and the same thermal tolerance (ws; = wy,;). Note that, in this case, the
effect on individuals of distance from the optimum is even more important, as it reduces both
survival and growth. We therefore expect a lower number of survivors at harvest time.

For this analysis, we exclude species that spend only one year in the first stage. The definition
of the first stage in these matrices is "seed" (see Supplementary material S4), with a probability of
moving to the next stage set to 1. Making this transition probability dependent on temperature
would make the duration of this seed stage longer than a year, which would be biologically

implausible for these species.
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Suppl. Fig. 1.3: Comparison of model predictions for the thermal optimum of the best prove-
nance as a function of changes in thermal tolerance across stages (wy/wi) when only survival is
dependent on temperature (dashed lines) and when survival and growth are both dependent on
temperature (solid lines) for thirteen tree species (panels) in the intermediate climate warming
scenario of +1.7°C. Curves are coloured according to the length the first life stage of each species.
In the case where survival and growth are both dependent on temperature, both share the same
thermal optimum and thermal tolerance. The vertical line indicates the case where tolerance is
constant across all stages. The dotted horizontal line corresponds to the mean temperature over
the period. The total thermal tolerance across the life span is held fixed at wiot (@) = 3.5°C.

We find when both survival and growth depend on temperature, the thermal optimum of the
best provenance decreases when young trees are less tolerant to temperature changes than old
trees, matching the relationship described when only survival depends on temperature (wy, /wy >
1 ; Suppl. Fig. 1.3).In these examples, our predictions about the best provenance are also very

close quantitatively to predictions when climate change only affects survival.

S3. Comparing analytical predictions with simulations

We compared analytical prediction given by equation 1.8 and the numerical simulations for a
two-stage life cycle for which we varied the optimal temperature of the provenance 6 between
the local temperature in the planting site to the local temperature +7°C, in increments of 0.01
degrees. Each simulation iterated the model for H = 60 years and computed the number of
individuals that have reached the last stage at harvest. We found both model outputs to be

identical (Suppl. Fig. 1.4).
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Suppl. Fig. 1.4: Comparison between analytical predictions (black) and numerical simulations
(purple). The black curve was produced by the stage-structured analytical prediction (equation
1.8) and the purple curve by numerical simulations. Harvest includes all surviving individu-
als, regardless of their stage. The transition probabilities between stages were calculated with
parameters: s; = 0.61, s3 = 0.98 and g = 0.012. Simulations were carried out under the in-
termediate climate warming scenario of +1.7°C, and the harvest period was set at H = 60.
Thermal tolerance was held constant across the lifespan (we/w; = 1) with the total thermal
tolerance fixed at wiot(@) = 3.5°C.

S4. Details about the demographic matrices gathered

The transition matrices gathered are quite variable in the way that they categorize life stages,
both in the definition and number of stages. For example, the first stage for the matrix of white
fir (Abies concolor) contains individuals below five cm in diameter at breast height and the
second stage individuals between five to ten cmm DBH, while the matrix for tortuous mesquite
(Proposis flezuosa) defines the first stage as “seedling”, and the second stage as saplings with
a diameter at ground level below 1 cm. Some of the variability stems from real biological
differences (e.g., with a maximum height ranging from 10 meters for tortuous mesquite to 75
meters for white fir), but some differences may be more arbitrary. In particular, some transition

matrices include a transient seed stage before germination, while others start with seedlings.
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S5. Expected warming at the geographic coordinates of the studied tree

species
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Suppl. Fig. 1.5: Geographic location of investigated tree species in our projected intermediate
global climate warming of +1.7C. The dots represent the geographic coordinates at the location
of the tree population matrix estimation. Tree species are Abies concolor (Ac), Abies magnifica
(Am), Abies sachalinensis (As), Acer saccharum (Au), Alnus incana (Ai), Calocedrus decurrens
(Cd), Dendropanaz trifidus(Dt), Fagus grandifolia (Fg), Picea glehnii (Pg), Pinus albicaulis
(Pa), Pinus lambertiana (Pl), Pinus nigra (Pn), Pinus ponderosa (Pp), Pinus radiata (Pr),
Prosopis flexuosa (Pf), Prunus serotina (Ps), Pterocarpus angolensis (Po), Quercus mongolica
(Qm), Styrax obassis (So) and Torreya taxifolia (Tt). The estimated mean temperature change
is from the IPCC CMIPG6 - SSP2-4.5 climate warming scenario projected for a long term period
2081-2100 (rel. to 1995-2014) (data can be downloaded at https://interactive-atlas.ipcc.ch).

S6. Longer rotation time

To test the effect of a longer harvest time (H = 100 years), we use three matrices of species that

reach the last stage after 60 years and before 100 years.
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Suppl. Fig. 1.6: Variation in the best provenance to plant illustrated using the life history
trajectories for three species that mature slower. The less tolerant younger trees are to changes
in temperature compared to older trees (the larger w,/w; along the x-axis), the cooler the best
provenance. The effect is shown for the intermediate warming scenario. For a rotation time of
100 years, the intermediate warming scenario (of 1.7°C in 60 years) gives a warming of 2.9°C
in 100 years. Each curve represents a species and is coloured by the length of their first life
stage. The vertical line indicates the case where tolerance is constant across all stages. For each
warming scenario, the dotted horizontal lines correspond to the average temperature over the
period.

We find that our main qualitative predictions also hold for species that mature slower with
a longer rotation time (H = 100). When the thermal tolerance is constant over the lifetime
of the trees (w;/w; = 1), the thermal optimum of the best provenance matches the average
temperature over the period and does not vary across species (Suppl. Fig. 1.6). When young
trees are less tolerant to temperature changes than old trees (w;/w; > 1), the thermal optimum
of the best provenance decreases and becomes increasingly different among species depending
on their life history. The optimal provenance for species that spend many years in the first and
least tolerant stage is cooler and much nearer current temperatures (darker curves) than for

species that mature earlier (lighter curves).
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S7. Comparing the performance of different seed sources - under multiple
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D: Climate warming = +3.3°C and wi. (@) = 2°C
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Suppl. Fig. 1.7: Modifying both the cumulative thermal tolerance (wiot(@)) and the strength of
climate warming has a major impact on the percentage of loss of harvest - increasing with worse
climate change and lower cumulative thermal tolerance. The shape of the response comparing
the seed sources (local, best and adapted to temperature at one quarter of the rotation time),
however, remains unchanged in all cases and for all species. For all panels, harvest loss was
measured against the performance of the local provenance in a scenario with no climate change.
The vertical dotted line indicates the case where tolerance is constant across all stages.
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Appendix A: Estimation of the thermal tolerance of trees

This appendiz is not included in the publication in Evolutionary Applications.

The width of the thermal niche or thermal tolerance at each stage is a critical parameter of
our model. In an attempt to parameterize our simulations, we conducted a literature review to
estimate how much tree yearly performance declines when temperature deviates from the optimal
temperature for a given provenance (i.e., tree thermal tolerance, w?, the width of the Gaussian
response functions in equation 1.1). We reviewed studies that measured the cumulative growth
or survival of trees from different provenances, either planted in the same common garden, or
transplanted to multiple locations (provenance trials) to estimate how much performance declines
with the climatic distance between the planting site and the site of origin of the provenance.
Studies differ both in the tree species studied and the age at which they are measured. We
identified 13 papers measuring temperature response curves for a total of 17 tree species, yielding
113 observations: 103 for cumulative height responses and 10 for cumulative survival responses
to temperature. Tree ages when measured ranged from 2 to 97 years old (2 to 39 for height
and 2 to 97 for survival). In these studies, climate was characterized either by the annual
temperature at the planting site (7'), when trees from a source were transplanted to multiple
sites, or by the temperature transfer distance (AT') between the planting site and the location
of seed collection (e.g., average annual, minimum, maximum, or mean summer temperature
difference). For simplicity, we refer to the climate variable as T in the following expression.

In the papers retrieved, population responses were fitted by quadratic regressions of perfor-
mance against temperature of the form: a7? + 3T 4. In our age-structured model, the number
of survivors after ¢ years can also be approximated by a quadratic response to temperature if
we assume that temperature varied little during the study and is not very far from the ther-
mal optimum of the provenance. The cumulative number of survivors at census can then be

approximated by:
0 —T)>
E[Nc] ~ NO Stot,max <1 - ()> 5 (19)

2 wt20t
with w2, the cumulative thermal tolerance. By identifying the coefficients of the quadratic, we

2_
can deduce that: w?, = B 80(420‘7.

The different studies looked at cumulative survival or growth after a variable number of years.

Such estimates of thermal tolerance are therefore not comparable among studies as performance
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is expected to decrease with the number of cumulative years under a non-optimal temperature.
To find a comparable measure across studies, we sought the average thermal tolerance per year
that would result in the same cumulative tolerance (w?,) if all ages had the same tolerance,
that is the harmonic mean of the squared thermal tolerances experienced each year by trees,
from planting to census. Considering the number of years before census (c¢), the average squared
tolerance per year is then estimated as &2 = cw?;. If the thermal tolerance of trees increases
with age in most species, we expect the harmonic mean of squared tolerances to increase when
trees were measured at a later age (i.e., in studies with a larger number of years before census).

Few papers estimated thermal tolerance from survival data (10 observations) and many more
from growth responses (103 observations). We pooled both types of data together to estimate

the average thermal tolerance per year and tested if it varies with age at census and differs

between the considered trait (survival or growth).

Statistical analysis

We used the following mixed effects model that takes into account different sources of variation

to statistically test for a change in the estimated thermal tolerance with study duration

loglo(@g) = Bo + 51 logo(ck) + BaXy + B3 Xy logo(ck) + 05, + €x (1.10)

where &2 is the estimated average squared yearly thermal tolerance for the study , where census
occurred after ¢, years, X, indicates whether survival or height was measured, s, is the species
measured in that study and o, is the random effect associated with that species, €, is the
residual effect and the [ are the fitted parameters. This complete model allows the harmonic
mean of thermal tolerance to change with age differently for survival and growth. We used
log-likelihood ratio tests to compare nested models, which contained subsets of the explanatory
variables.

We find a significant positive relationship between estimated average tolerance per year and
study duration (y? = 23.415, p < 0.001, Fig. 3), consistently with our expectation that tolerance
increases with the age of the tree. We also find that the average tolerance is significantly different
depending on the trait considered (x? = 16.577, p < 0.001), and there is a significant interaction
between study duration and the trait considered (y? = 4.461, p < 0.01). There is no significant

effect of the species considered (x? = 1.3163, p = 0.2513), which could be due to the very few
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replicated studies per species in our data set. We however kept the random effect in the model
to avoid pseudo-replication when multiple studies used the same species. Focusing on growth,
for which there are a greater number of observations, after 60 years, the predicted harmonic
mean of yearly tolerances is @ = 27°C. The cumulative thermal tolerance (wiot) over the period

for a harvest at H = 60 years would thus be 3.5°C.

* Species

Abies balsamea
Acer rubrum
Betula alleghaniensis
Fraxinus americana
Fraxinus pennsylvanica
Larix laricina
Larix occidentalis
Picea abies
Picea glauca
Picea mariana
Pinus banksiana
Pinus contorta
® Pinus strobus
e Pinus sylvestris

Pinus taeda
® Prunus serotina
Pseudotsuga menziesii

2_ 100 A1 e

Estimated thermal tolerance per year

Trait

e ¢ height
° * survival

3 10 30 100
Duration of study (years)

Additional. Fig. 1.1: The estimated thermal tolerance per year of trees (w) as a function
of the duration of the study for different tree species (colors), measured for survival (circles)
or height (stars). The plain black line is the regression line for height data (log;o(Y) =
0.3021og;o(D) 4+ 0.895) and the dashed black line is the regression line for survival data
(log1o(Y) = 0.7241og;4(D) + 0.660).

The limited empirical data for the same species at different ages, however, did not allow us

to parameterize our model with confidence using estimates of thermal tolerance.
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Abstract

Evolutionary rescue is a demographic and evolutionary process by which a population escapes
extinction by adapting to environmental pressures. Centaurea corymbosa is a rare and threatened
monocarpic perennial endemic to the Massif de la Clape in Southern France. It has been
the subject of long-term demographic monitoring since the late 1990s. The small remaining
populations of this species have been in decline for several years, and its extinction is predicted
in the medium term, accelerated by climate change. The aim of this study is to understand
whether the evolution of a fitness-determining trait, the growth rate, could save the population
in a warming climate. We use a new method for integrating evolution into an integral projection
model (IPM) and use it to predict the critical level of genetic variance for the intrinsic individual
growth rate that would be necessary to avoid extinction. We begin by examining a simple
scenario in which a single cohort is planted, with the goal of modeling more complex scenarios
of reinforcements in the future. We show how the declining trend of the population can only
be reversed with a small range of introduced genetic diversity in the growth rate. Even in the
best-case scenario, the population will not start expanding again for another twenty years, by

which time the extinction rate of some natural populations is already very high.

Keywords: integral projection model, population dynamics, evolution, conservation biology,

climate change
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Introduction

Modeling population dynamics is key to understanding demographic trends and can help de-
cide whether conservation measures should be taken. In a changing world, demographic and
evolutionary processes are intertwined (Pelletier et al. 2009). This is particularly captured by
evolutionary rescue processes, where a population escapes extinction through adaptation and
natural selection (Carlson et al. 2014; Gomulkiewicz and Holt 1995). Demographic models that
integrate eco-evolutionary processes are therefore useful to describe population dynamics in the
context of climate change (e.g., Cotto et al. 2019; Simmonds et al. 2020).

Matrix Projection Models (MPMs) have long been used to describe the dynamics of stage-
structured populations (MPMs; Caswell 2000). More recently, Integral Projection Models (IPMs;
Easterling et al. 2000; Ellner et al. 2016; Ellner and Rees 2006) were introduced as an extension of
MPMs. IPMs use a continuous relationship between vital rates (survival, growth and fecundity)
and quantitative traits, generally size, rather than dividing individuals into the more or less
arbitrary discrete classes of an MPM. These relationships are given by regression models fitted to
collected data. IPMs are particularly useful tools for describing the demography of continuously
growing organisms (e.g., trees) that do not have clearly defined life stages, such as some insects,
for instance, with clear developmental stages (Zuidema et al. 2010). IPMs also reduce the
number of parameters that need to be estimated from the data and have been shown to work
better on small data sets (Ellner and Rees 2006; Ramula et al. 2009). Individual heterogeneity
adds to the complexity of the predictions about how populations will respond to environmental
changes (Forsythe et al. 2021; Vindenes and Langangen 2015). IPMs explicitly consider some
variation between individuals, instead of treating all individuals from the same stage as identical
(Easterling et al. 2000; Ellner and Rees 2006).

IPMs functions are, however, often too complex to be analytically integrated. The continuous
variable of the IPM is therefore classically discretized during the numerical integration of the
demographic functions, generally using the “mid-point rule” to compute the kernel (Ellner and
Rees 2006). This kernel is a matrix containing all the transition probabilities for each age and
size class. Conveniently, this allows similar predictions to be made from IPMs and MPMs (e.g.,
long-term growth rate, sensitivities, elasticities). Comparison of the two types of model has
shown that they give similar results, provided that a sufficient number of classes are used to

avoid the errors introduced by the discretization method (Doak et al. 2021; Zuidema et al. 2010).
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IPMs have been used to predict phenotypic optimums (e.g., age or size at flowering) that
maximize the population growth rate (Kuss et al. 2008; Rees and Ellner 2016), but these models
did not describe the evolutionary dynamics towards such equilibria. Over the past decade, IPMs
have been extended to the prediction of eco-evolutionary dynamics (e.g., Childs et al. 2011;
Coulson et al. 2011; Ozgul et al. 2010; Traill et al. 2014). Evolutionary IPMs have, however,
been subject to debates. Concerns raised included the fact that some evolutionary explicit
IPMs were developed by regressing a so-called heritability function to describe the transmission
of trait values from parents to offspring. As the intercept of this function was held constant
over generations, this was incompatible with current understanding of evolution (Chevin 2015;
Janeiro et al. 2017). Some age-structured evolutionary IPMs (Ozgul et al. 2010; Traill et al. 2014)
also considered size as the evolving trait in the population. These models were criticized because
their use of growth functions ignored the cumulative effect of genetic difference in growth and
the build-up of phenotypic and genetic variation with age, underestimating the contribution of
evolution to phenotypic change (Chevin 2015). The recommendation was to, therefore, assume
genetic variation for the growth function rather than the size of individuals (Chevin 2015). Other
evolutionary explicit models have been developed since, with attempts to make these models
more compatible with a classical quantitative genetics framework (Coulson et al. 2017, 2021).
Examples of implementation consider the evolution of other continuous quantitative traits, such
as the laying date in birds, but ignore the demographic heterogeneities due to size variation
(Simmonds et al. 2020). The latter model separately tracks the distribution of breeding values
and phenotypic values for the laying date in the population and age classes and assume that the
distribution of breeding values in new-born is Gaussian with a fixed variance, corresponding to
the additive genetic variance for the trait, and a mean equal to the mean breeding values in the
selected mothers. Rees and Ellner (2019) proposed an evolutionary IPM where a single heritable
trait is followed in a size-structured population. Their approach is more realistic because they do
not assume that the distribution of breeding values is Gaussian throughout the newborn /seedling
class, but they use the infinitesimal model which assumes that the distribution of breeding values
is Gaussian and of fixed variance in each family, conditional on the breeding values of the two
parents. Their framework allows for both the evolutionary dynamics of the trait interacting with
size and individual size to be tracked, essentially as in a stage-structured case (Barfield et al.
2011).

In this study, we build upon this previous work to track the joint evolution of a trait and the
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demography of an age- and size-structured population described by an IPM. We propose to allow
the growth function of an IPM to evolve, such that the breeding value of a trait (the intrinsic
individual growth rate) affects the probability of growing to a certain size at the next time
step. We first wrote expressions for a size- and age-structured IPM (described in Supplementary
Material S1) that explicitly track the distribution of individuals of a certain age, size and breeding
value for the intrinsic individual growth rate value assuming an explicit infinitesimal model of
inheritance (Fisher 1918), but making no assumption about the distribution of breeding values in
the population or in particular cohorts, as in Rees and Ellner 2019. Integrating these equations
across continuous variation of size and breeding values for growth rate is however cumbersome
and our evolutionary model involves convolutions of parental breeding values distributions that
make it non linear, contrary to the classic MPMs and IPMs. We therefore propose to reduce
the dimensionality of the evolutionary model by (i) discretizing the demographic model in a
large number of small size classes as is typically done when integrating IPMs, (ii) assuming a
Gaussian distribution of breeding values for the evolving trait within each of these size classes.
The latter assumption has the practical advantage that we now need to track only the mean
breeding value in each class, rather than changes in its entire distribution.

We argue that numerous quantitative genetics models have been developed to explore the
evolution of continuous traits in stage-structured models with discrete stages, building upon the
work of Barfield et al. (2011) (Barfield et al. 2011; Cotto et al. 2019; de Vries and Caswell
2019; Orive et al. 2017; Schmid et al. 2022). As mentioned above, IPM functions are commonly
discretized when implemented, hence, we propose to combine the IPM framework, which uses
data-informed vital rate functions, with the stage-structured framework described by Barfield et
al. (2011) for tracking the evolution of a trait in a population. Some version of the framework
proposed by Barfield et al. (2011) requires an assumption about the distribution of phenotypic
values within each class, which is assumed to be Gaussian. Considering very small class sizes,
we can track the average phenotypic value in each class at each time step.

To illustrate this approach, we use the concrete example of an IPM fitted by Hadjou-Belaid
et al. (in prep) on the long term demographic data of Centaurea corymbosa. C. corymbosa is a
monocarpic perennial endemic to a small zone of approximately 3km? in the Massif de la Clape,
in Southern France. Six populations of C. corymbosa are known to this day (Colas et al. 1997)
and previous demographic studies showed that these populations have been declining (Fréville

et al. 2004; Hadjou Belaid et al. 2018) and are especially threatened by climate change with a
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high probability of extinction before as soon as 20 years (the asymptotic growth rate for pooled
populations is A = 0.880, Hadjou Belaid et al. 2018). Introductions have been attempted, with
the creation of two new populations in 1994 (Colas et al. 2008), one has shortly gone extinct
and the other still persists as a small isolated patch (Eric Imbert, personnal communication).
Reinforcements were also initiated, with the plantation of around 40.000 seeds, over 4 years,
in the 6 extant natural populations (Ducrettet and Imbert 2023). Hadjou-Belaid (2018) shows
that evolution of age and size at flowering in C. corymbosa is unlikely to rescue the populations
from extinction. They predict the optimal age and size at flowering of this monocarpic perennial
under current and future climate and find that even if the plants evolved to the optimal value
for this life history trait, the population would still decline if other aspects of their life history
remained unchanged. Conversely, the long-term population growth rate is much more sensitive
to variation in rosette survival, which critically depends on their size. Size is also a strong
determinant of plant fecundity (Hadjou Belaid et al. 2018). This suggests that rapid evolution
of individual growth rates i.e., the average annual size increment, by affecting size distribution in
the population, could have a large impact on population demography and prospects of survival.

We are interested in the possibility that some level of genetic variability of the individual
growth rate within the population would ensure long-term increase of the C. corymbosa popu-
lation i.e., reverse the declining population dynamics, before it goes extinct (Gomulkiewicz and
Houle 2009). We propose a modeling framework that allows a life-history trait to evolve in an
age- and size-structured population. We vary the initial level of genetic variability of the indi-
vidual size growth rate within the population, and track both the demography and the evolution
of this life-history trait over time. We begin by examining the effect of an initial addition of
variance to individual growth on the size distribution of individuals over time. We then examine

different scenarios aimed at stimulating evolutionary rescue of C. corymbosa.

Methods

General scenario

We start by simulating the introduction of a new population, tracking a single cohort of translo-
cated individuals in their first year and are interested in finding for which level of genetic vari-
ance in the cohort, the population is expected to recover before 20 years, which is the extinction

horizon for certain populations. This paves the way for more complex scenarios, simulating
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reinforcements of extant populations for instance.

Description of the Integral Projection Model

We use the IPM developed in Asma Hadjou-Belaid’s thesis (Hadjou-Belaid 2018) and Hadjou-
Belaid et al. (in prep) to describe the demography of C. corymbosa in the absence of genetic
variation in the population. Like for many plants, size and age are very important determinants
of variation in life history traits between individuals for C. corymbosa, and both are used to
describe the state of an individual. Individuals are, thus, characterized by their age with the
discrete variable a € {1, ..., amaz }, and size with the continuous variable z € [Zmin(a), Tmaz(a)]
whose range varies with age. Based on the life cycle of C. corymbosa, and conditionally to their
survival until the next flowering season, each individual can either reproduce and then die, or
stay vegetative and change in size (see Fig. 2.1). We ignore the rare case where some plant

survive and reproduce a second time (less than 0.3%, Hadjou Belaid et al. 2018).

flower and
Census ¢ produce seedlings Censust+ 1

¢a(x) ca(x) So w(y)

[1 = (0] 5,(x) G (y, x)

stay vegetative and
change size

Fig. 2.1: Life cycle diagram for the IPM model representing the life history of Centaurea corym-
bosa that considers a prebreeding census. At each time step ¢, plants can either: flower (¢, (x)),
bear capitulas (¢,(x)) that produce seeds that survive and germinate (sg) with size distribution
(w(y)) in March, or, stay vegetative (1 — ¢4 (z)) and change size (G4(y, z)), conditional on their
survival (sq(z)).

Conditional on its survival, an individual of size x at time ¢ can produce new individuals,
or change size to be, of size y the following year (¢t + 1). At each time step, given the number
of individuals in each age and size classes n,(x) at time ¢, we can predict both the number of
one-year-old seedlings with size y, n1(y), and the number of individuals in the other age classes,

Nga+1(y), at the next time step ¢ + 1, by summing the contributions of each individual through
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reproduction, change in size and aging

n(y,t+1) = Yarse [2ren S g (2,1) u(w) calw) sow(y) da o)

B (9,6 +1) = [ na(,0) (1= 6u(2)) sa(2) Galy, ) da

Tmin

with ¢4(x) the flowering probability of individuals of age a and size z, ¢,(x) the number of
capitula produced by an individual of age a and size x, s¢ the establishment rate of seeds (i.e.,
number of seedlings surviving to March ¢, relative to the number of capitula at ¢-1), w(y) the
probability density that a given seedling has size y in March, s,(x) the survival rate of an
individual of age a and size x, and G4(y,x) the growth rate of an individual of age a from size
x at t to size y at t + 1. Note that we assume that the number of capitula determines both the
contribution of a mother plant to the total number of seeds that germinate, and the contribution
of a father plant to the pollen pool that fertilized these seeds.

These demographic functions have been fitted with the long-term demographic data for C.
corymbosa. Individual size is defined by the diameter of the plants, which has been measured
every three months (in September, December, March and June) since 1994 in delimited plots of
the six natural populations. Further details regarding the data collection can be found in Hadjou-
Belaid et al. (in prep). Details regarding the fit of the statistical models are summarized in Tab.

2.1 and Fig. 2.2 and can be found in Hadjou-Belaid et al. (in prep).

Demographic function Fitted model

Survival logit(sq(x)) = —2.41 + 0.77z — 0.032% + 0.10a

—(y—p(a,x))?
Galv:2) = Fromp o ()

Growth pra(z) = 2.01 4 1.3412 — 0.032% — 0.33a
o(z) = 0.93 + 0.32z

Flowering probability logit(¢a(z)) = —8.96 + 0.722 — 0.0222 + 0.43a

Number of capitula co(z) = 0.45 4+ 1.952 + 1.43a

Seedling size distribution w(y) = exp (—0.58 — 0.82y)
Establishment rate of seeds 0.560

Tab. 2.1: Summary of the demographic functions fitted and parameters estimated by Hadjou-
Belaid et al. in prep.

The statistical models fitted in Hadjou-Belaid et al. in prep. included a random population

effect and a random year effect for survival and growth predictors and a random year effect for
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flowering and fecundity predictors. For the sake of simplicity, we have here used predictions for
the fixed part of the models, simulating the species demography for an hypothetical population
and year and ignoring between years fluctuations. Our predictions of demography are therefore

overly optimistic in this regard.
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Fig. 2.2: Graphical representation of the available demographic data for C. corymbosa and the
demographic transition functions fitted by Hadjou-Belaid et al. in prep. The growth function
is shown on the left with the raw data on the top left corner and the growth predictions by age
on the other panels. Number of life-histories: 7243.

Adding evolution to the IPM

The framework described hereafter aims at tracking evolution of a genetically variable trait
for which genetic variation is initially added, to see if this stimulates evolutionary rescue. We
choose to introduce genetic variability into the individual growth function of the IPM model of
C. corymbosa as this will affect the overall transition probabilities, survival-growth and repro-
duction. We, therefore, assumed that the individual size growth rate is genetically variable in
the population. The Gaussian properties of the growth function also facilitate the derivation of

the evolutionary expressions.

Discretization of the IPM demographic functions

We propose a framework to combine the interesting properties of the IPM, using continuous
functions adjusted on rich data sets to parameterize life-history traits variation, with the existing

demographic and evolutionary framework developed in stage-structured models.
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Given that the size range is not constant with age (see Suppl. Tab. 2 in Supplementary
Material S2 for details), we define [ size classes within each age class in the population with the

width of size intervals at age a:

(2.2)

The choice to maintain constant the number of size classes between age categories, rather than
the width of size classes between age categories, is motivated by the idea that small difference
in size in younger age classes may have more consequences on their life history traits than in
older age classes.

Let j be the size class within age a characterized by its midpoint size m,(j) that contains all
individuals of age a and size x such that x is contained in [mg(j) — @ , ma(J) + @] When

h is small, the number of individuals of age a within that interval at each time step ¢, Ny (j,1),

can be approximated by

M)+ 2
M@ﬂ_/ (@) di ~ h(a) na(ma(i).1). (2.3)

Let fu(i,7) be the fecundity function that gives the number of established seedlings, produced
by parents of age a and size contained in interval j, that fall in the size interval i = [mq(i) —
@; mq (i) + @] We next define p,(i,j), the transition function that gives the probability

that a plant, whose size is contained in interval j, survives, stays vegetative, and falls in the size

h(a+1) i @} at the next time step.

interval 4, such that its size y is in [mgy1(i) — =5 ; Mar1(7) +
We can express the size distribution of one-year-old seedlings, Ni(i,t 4+ 1), and the size

distribution of individuals in the other age classes Ng41(4,t + 1) at the next time step as

Ny(i,t + 1) = Yoamss 7L fad, 5) Na(j,t)

Na—&—l(i,t + 1) = Zé'zlpa(iuj) Na(.jat)7

(2.4)

with

fa(i,7) = h(1) ¢a(ma(j)) Ca(ma(j)) s0 w(ma(i)) (2.5)

and

pain ) = h(a+ 1) sa(ma() (1= Ga(ma()) Ga(mali), ma)). (26)
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Evolution of the growth function

Let z be the value of some underlying phenotypic trait (e.g., the concentration of a growth
hormone) such that z affects the probability that an individual of age a, size x will have size y
at t + 1. It modifies the intercept of the growth function such that the expected size at ¢ + 1

given phenotype z, size z and age a at time ¢ is:
pa(x) + 2 = (2.01 + 2) 4 1.3412 — 0.032% — 0.33a. (2.7)

As a result, individuals of all age and size will tend to grow faster if z is larger. The growth

function of an individual with trait z can then be written as

2
G,z (y,7) = S — exp <_<Z i Ma(m) > (2.8)

2mo(z)? 20(x)?

Demographic transitions

We assume that phenotype z is distributed as a Gaussian in each class with Z,(j,t), the average
phenotype of individuals of age a in the size interval j at time ¢, and o2, its phenotypic variance,
which we assume constant across age and size classes and time. Let 7, ;(2,t) be the probability
that an individual of age a and contained in interval j has phenotype z at time ¢ (here assumed
to be the probability density function of a Gaussian distribution). The average transition prob-
ability for an individual of age a, size contained in interval j and integrating over all possible

phenotypic values z can then be written as

ﬁa(iaja t) = /Ta,j(zvt) pa,z(inj) dz
= h(a+ 1) s (ma() (1= 0a(mai))) [ 7as(e18) Gure (i), mal)

= ha+ 1) sa(mal)) (1= da(mal)))

! (—(zao,t) ~ (mali) ua<ma<j>>>)2>
exp .
V27 (0 (ma(5))*+02) 2 (0 (ma(4)) *+02)
(2.9)
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The number of individuals in each age and size class at the next time step is then

Nl(iat + 1) = 232? Zé’:l fa(ihj) Na(jat)

Na+1(i7t + 1) = Zé‘:lpa(ihﬁt) Na(j, t)

(2.10)

Evolution of the trait

The quantitative trait z is determined by a large number of additive loci with small effects. Each
new individual that is born has a phenotype z given by the sum of its breeding value, g, and a
micro-environmental effect, e, drawn from a Gaussian distribution of variance o2. Its breeding
value is also drawn from a Gaussian distribution, centered on the mean of the breeding values of
its two parents, with variance Vp = Vg /2, which we assume constant across age and size classes,
following the infinitesimal model of inheritance. We first describe this modeling framework that
makes no assumptions about the distribution of breeding values in the population or in particular
cohorts in Supplementary Material 2 - S1.

We use expressions from Barfield et al. 2011, which provide a framework for tracking changes
in the phenotypic (z) and breeding (g) values in a stage-structured population, assuming Gaus-
sian distributions of phenotypic and breeding values in every age and size classes. We describe
the expected changes in phenotypic and breeding values in this age and size-structured popula-
tion. We now assume that the variance of breeding values in every stage is 03. The expected
mean breeding value for one-year-old seedlings, g1, and for the other age classes, g,+1, at the
next time step, can be expressed with the following recursion (equation (5) from Barfield et al.

2011)
_ . R CoN
gi(i,t+1) =320 Zj:l cg(z’]) Ga(J,1),

_ . .. _ . oln Da 1;7 ‘7
Garr (it +1) = ) (0, ) (Gal. ) + 02 LpZatll)),

(2.11)

. . (4,§) Na(j, . 5o (i,jt) Na(j, : N .
with cé(z,]) = % and ch(i,j) = % the relative contributions to state i by

stage j through direct reproduction and transition, respectively. Note that

ln pali, 5) _ (ma(i) - Ma(ma(j) )_Za(jv t)' (2.12)
0z o(ma())*+o2

Similarly, changes in the expected mean phenotypic value for one-year-old seedlings, z;, and for

the other age classes, Z,11, at the next time step, can be expressed with the following recursion
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(equation (6) from Barfield et al. 2011)

210t +1) = Semes S0 el(i,5) aldot),

Zap1 (int+1) = Xy (i, ) (Za(o ) + 02 ZgPelidl)y

(2.13)

Simulations

The model described above allows us to construct projection kernels and calculate transition
probabilities for each age and size classes under R (R Core Team 2022; see details about the
code in Appendix B). Given the high probability of extinction of C. corymbosa under various
climate scenarios between 20 and 50 years (see Hadjou Belaid et al. 2018), we are interested
in finding out whether an increase in heritable phenotypic variance could allow the natural

populations to reach a positive growth rate before 20 years.

Introduction of a single cohort

In this first scenario, a single cohort is introduced with a given initial phenotypic variation among
individuals (affecting the probability that their change in size is bigger or smaller at the next
time step). We set the initial average phenotype z1(0) to 0, i.e., on average all individuals in a
given class grow neither faster nor slower than predicted for that species, and explore different
scenarios for the initial phenotypic variance in the planted cohort, o, = 0 being the control
scenario where the probability of their change in size at the next time step remains unchanged,

against higher values of variance. We consider heritability to be h? = 0.5, such that h? = 03 Jo?.

Parameters

Each simulation iterates the model for t = 50 years and computes the number of individuals, as
well as the average breeding and phenotypic values, in each age and size class at each time step.
The reinforcements carried out in this population provided four times 10,000 individuals, over the
course of several years. Table 5 from Ducrettet and Imbert 2023 summarizes the outcome of the
reinforcement operations, for each operation between 410 and 730 seeds germinated into seedlings
and survived until the following year. We chose to follow one of these seedlings cohorts, as if it
was an introduction (no interaction with the natural populations), such that n;(t = 0) = 500.
We consider individuals to be initially distributed in each size class of the first age class following

the predicted seedling size distribution, w(y). Following Hadjou-Belaid et al. (in prep), each age
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class is divided into 50 size classes such that [ = 50. We calculate the asymptotic population
growth rate A, the dominant eigenvalue of the kernel, at each time step using the “popbio”
package in R (Stubben and Milligan 2007). We verified the code for the evolutionary IPM by
comparing the prediction given by the demographic IPM fitted by Hadjou-Belaid et al. (in prep),
the sum of expressions (4), and the evolutionary explicit IPM, we checked that we obtain similar
results as Hadjou-Belaid et al. in prep when we set the phenotypic variance such that o, = 0

(see Supplementary Material S3 for details).

Results

Adding genetic variance on growth

We first show how increasing the average intrinsic growth rate value (z) does increase the proba-
bility that individual of size x at ¢ grow to a bigger size at time t+ 1 as a result of the intercept of
the individual growth function being increased (Fig. 2.3A versus Fig. 2.3B). Although increasing
phenotypic variance introduces a greater probability of faster size growth for some individuals,
it also introduces a greater probability of slower growth for others (the red color is clearly more

spread out on Fig. 2.3C and Fig. 2.3D).
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Fig. 2.3: Increasing the average individual intrinsic growth rate (Z) increases the probability to
grow bigger from size z at t to size y at t + 1, although this distribution is more spread out

if the phenotypic variance (o,) is large. These growth probabilities have been computed for
individuals of age a = 4.

We find that an initial input of phenotypic variance increases the average individual size
intrinsic growth rate value in the cohort over time (Fig. 2.4). In each age class, the individual
growth rate increases in time as selection acts on the phenotypic variance. This value eventually
reaches a plateau, as becoming too big also reduces both survival and fecundity (Fig. 2.2). Note

that this plateau is lower for older age classes than younger age classes. Selection thus increases
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more the growth rate of the young plants than the older plants. This is due to the monocarpic
life cycle of Centaurea corymbosa: as individuals die after flowering and flowering happens once
a critical size has been reached; old individuals are those that grow fast enough to reach size
allowing a good survival but not fast enough to reach the critical size for flowering. Increasing
the amount of genetic variance allows faster evolution of the individual growth rate in young
age classes, but the effect of increasing the phenotypic variance is more complex in older age
classes because of the faster selective disappearance of fast growers, which flower and die early,

from the old age classes.
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Fig. 2.4: The mean phenotypic value for the C. corymbosa cohorts is shown as a function of time
for the scenarios with no phenotypic variance added (black curve) or with phenotypic variance
added (colored curves).

As expected, the size distribution of seedlings (age=1) remains unchanged over time, even
when there has been an initial input of phenotypic variation for growth rate as seedling size
does not depend on maternal size in our model (coloured curves, Fig. 2.5). Within the other
age classes, individuals do reach a larger size (the average size of individuals increases) with
a greater initial input of phenotypic variance as the growth rate evolves to higher values. The

increase in phenotypic variation in the initial cohort can also lead to an increase in the number of
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individuals (yellow and pink curves), as opposed to the black curve without phenotypic variation.

Note that it also lead to a decrease in the number of individuals (blue curve) if the initial input

-
1§

of phenotypic variance is too high.
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Fig. 2.5: The number of individuals and their size in the age classes 1, 3, 5 and 7 are shown
at t =0,t =10, t = 25 and ¢t = 50 years. The black curves represent the scenario with no
initial input of phenotypic variance, while the colored curves represent different levels of initial
phenotypic variance within the cohort.

Evolutionary rescue of C. corymbosa

Without intervention, the size of the cohort of C. corymbosa decreases and heads towards ex-
tinction (black curve, Fig. 2.6). We show here that an input of phenotypic variance can lead
the planted cohort to demographically expand. If the added phenotypic variance is too low
(0, < 2), the population fails to grow before 50 years, whereas if the added phenotypic variance
is too high (o, > 6), the population becomes extinct sooner than without any added phenotypic

variance.
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Fig. 2.6: The total number of individuals in the C. corymbosa cohort decreases with time, before
eventually increasing again under certain scenarios of phenotypic variance input (colored curves),
following a characteristic evolutionary rescue curve. This scenario involves a single introduced
cohort, with no interaction with the natural populations.

Note that the disequilibrium in the age and size structure (single cohort planted) cause the
initial fluctuations in the number of individuals (and the big drop in the first year where there
are only fragile seedlings in the population).

The long-term population growth rate (A) only reaches the threshold of 1 during the 50 year

simulation for scenarios of an input of phenotypic variation of 2 < o, < 5 (Fig. 2.7).
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Fig. 2.7: The long-term growth rate of the cohort of C. corymbosa is shown as a function of
time, for various scenarios of phenotypic variance input (colored curves) or without phenotypic

variance (black curve). The threshold for population replacement (A =1) is indicated by a
dashed black line.

Discussion

Reinforcements of declining populations can increase genetic variability and help reverse de-
mographic trends (Gomulkiewicz and Holt 1995), particularly if certain genotypes have an ad-
vantage (e.g., faster growth). We propose a new method to integrate evolutionary dynamics
in an IPM model describing the demography of C. corymbosa. We predict the critical level of
genetic diversity for a fitness-determining trait (Gomulkiewicz and Houle 2009), the individual
size growth rate, that would be necessary for C. corymbosa to escape extinction in the medium

term under the current climate.

Development of a new evolutionary IPM

Our model assumes that intrinsic growth rate values are normally distributed in each class.

We thus only followed the average value of each age and size class. This assumption may
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be problematic, if the actual size distribution deviates from normality, especially after several
generations. Individual-based simulations should enable us to check that we are not deviating
too much from the predictions made by our model under this assumption. If it proves to be
fairly correct, this assumption has the advantage of making the calculation more efficient when
used for large matrices or a large number of years. The simulations presented here ran in 24

min.

Little hope for conservation efforts to rescue C. corymbosa from extinction

We show that a certain initial variance in the intrinsic growth rate can reverse the declining trend
of the population, because larger individuals have a better fitness overall. Yet, even in the best-
case scenario, the size of the population does not increase for another 20 years, by which time the
rate of extinction is already very high for some of the natural populations (Hadjou Belaid et al.
2018). We also find that too much initial variance induces variance load (Lande and Shannon
1996), which accelerates population extinction. Nevertheless, holding the phenotypic variance
constant, probably leads to overly pessimistic expectations about the extent of this variance
load: the initial mortality of individuals with a low growth rate will lead to an erosion of the
variance initially introduced between stages and over time, and a lower variance load than that
simulated here.

The average value of the trait for the intrinsic growth trait is constrained by the fact that
individuals that grow very big have a drastic decrease in fitness. This could be due to the
statistic models fitted to the data, and questions the confidence in the shape of this vital rate /size
relationship fitted.

This model is simplistic in many ways, which makes our predictions optimistic overall. First,
the fitted statistical models ignore variance between populations and fluctuations between years.
We plan on testing the effect of environmental stochasticity by randomly drawing years to affect
the vital rate estimations. This should not change the shape of the response, but population are
likely to extinct sooner and take more time to recover. We also did not include environmental
change, which is know to have a negative impact of population persistence (Hadjou Belaid et al.
2018). The model also ignores some processes that might further accelerate extinction of C.
corymbosa. Notably, the population most probably suffers from Allee effects, which may result
in a further decrease of the growth rate at low densities (Kirchner et al. 2006). Finally, we

assume heritability is A2 = 0.5, which is a parameter we could vary later.
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Experiments are underway to estimate the amount of genetic variance on the growth rate in
the reinforcements. Very preliminary results suggest there is very little variance in the growth
rate between maternal families in the plants at the start of the growing season (Master’s report

of Alexander Fisher, 2023).
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Supplementary Material 2

S1 - Modeling framework of an evolutionary explicit IPM

We describe below a framework that allows the evolution of growth of C. corymbosa in an age-
and size-structured model. Life cycle functions were previously fitted by Hadjou-Belaid et al.
in prep with demographic data for C. corymbosa as described in the main text (Hadjou-Belaid

et al. (in prep)).

Model assumptions

This model assumes
e growth is genetically variable in the population,

e fecundity depends only on the size  and the age a of the parents (i.e. not on their breeding

value g),
e parents mate at random and there is no pollen limitation,
e an infinitely large number of genes influence the traits (infinitesimal model),

e for the sake of simplicity we here present the case where the phenotype is fully heritable

(z=g) and we follow the breeding value, g, for the trait,

e the phenotype is not considered to be normally distributed in each class by default.
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Variable glossary

Suppl. Tab. 2.1: Summary of variables used.

Notation Parameter
t time step
a age
T size at t
y sizeatt+1
g breeding value
Q)  range of sizes
G range of breeding values
Nag(x,t) number of individuals of age a, breeding value g and size z at ¢
fa(y,z) fecundity function (f! for females, f/ for males)
Pa,g(y,x) survival-growth function
¢a(z) flowering function
¢q(x) number of capitula produced
so establishment rate
Sq(x) survival function
Gag(y,z) growth function
w(y) Probability Density Function (PDF) of seedling size
v(g9) PDF of seedling breeding value
vt PDF of breeding values among all mothers
Ym PDEF of breeding values among all fathers

Implementation of the IPM

80

We describe the change of a continuous age- and size-structured population over discrete time

with an Integral Projection Model (IPM; Easterling et al. 2000; Childs et al. 2003, Rees et al.

2019). Individuals are characterized by their age a, breeding value g, and size x and the IPM
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tracks their distribution n, 4(z,t) at time each time step t.

Breeding value of descendants The Probability Density Function (PDF) representing breed-
ing value distribution among all mothers is «y. The probability that a mother is of breeding

value g is
erzmix fQ ftlz(.a :C) na,g(:n, t) dx
n1,e(®t41)

Vr(9) = , (S2.1)

the total number of descendants produced by a mother of breeding value g, with f.(e,z) =
fQ f1(y, z) dy the number of offspring of all sizes born to a parent of size x and age a, divided
by the total number of descendants produced, n; o(®,t11) = fQ fG Nag(x,t) dydg.

The PDF representing breeding value distribution among fathers is ,,. The probability that

a father is of breeding value g is

(g) = Soari® Jo fil (8,2) g g(x,t) da
9 = S T F(e,2) g (@, 1) dudg

(S2.2)

the total number of descendants produced by a father of breeding value g divided by the total
quantity of pollen available. ¢’ is a notation used to represents all possible breeding values of
fathers.

The probability that a seedling has the breeding value g is then

g) = /G [ Rl il 2t (52.3)
7 m

with ¢g” the notation used to represents all possible breeding values of mothers, R(glg’,g”) the
probability for an offspring to be of breeding value g given that its mother is of breeding value
¢” and its father is of breeding value ¢’. In the infinitesimal model of inheritance,

1 _(g_ngg )2

ex ,
V2nVLE ¥ 2VLE

R(gld'.g") = (S2.4)

with variance VLE.

Individual distribution across demographic categories The number of individuals in

their 15¢ year (a = 1) of breeding value g and size y produced by parents of breeding value g at



Chapter 2. Evolutionary rescue in Centaurea corymbosa 82

the next time step ¢ + 1 can be written as

n1g(y,t+1) = w(y) 7(g) n1e(e,t+1)

Amax

/([}f/ R(glg', 9") v¢(9) vm(9) dg dg’ Z/fa ) Nae (2, 1) dar,

(52.5)

where, w(y) is the PDF of offspring size, f,(e,x) is the total number of offspring produced by
females of size x and age a, ng.e(x, 1) is the total number of parents of size z, age a at t integrated
over the pool of all breeding value such that nge(z,t) = [ na4,4(z,t) dg.

The number of vegetative individuals older than 1 year old can be written as

Nat1,9(y, t+1) = /meg(y,x) Na,g(T,t) da. (52.6)

S2 - Size range of C. corymbosa at each age

Age Minimum size (cm) Maximum size (cm)

1 0.5 15.5
2 0.5 20.5
3 0.5 24.5
4 0.5 25.5
) 0.5 20.5
6 0.5 25.5
7 1 20.5
8 0.5 25.5

Suppl. Tab. 2.2: Extreme size values for each age group of C. corymbosa.

S3 - Comparison between the demographic and the evolutionary IPM

We compared the prediction given by the demographic IPM adjusted by Hadjou-Belaid et al.
(in prep) (as described in “Description of the Integral Projection Model” of the main text) and
the evolutionary explicit IPM with the initial phenotypic variance set to o, = 0, such that the
probability of their change in size at the next time step remains unchanged, to check that they

yielded identical predictions, which they do (Suppl. Fig. 1).
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Suppl. Fig. 2.1: Comparing the predictions of demographic trends between the demographic-
only IPM (pink) and the evolutionary IPM with the initial phenotypic variance set to o, = 0
(blue) yields identical results.



Appendix B: R code for the evolutionary IPM

Adele Erlichman & Ophélie Ronce

Define vital rate functions

Survival probability

s.x <- function(a, x) {
u = exp(- 2.411952 + 0.773796 * x - 0.032601 * x"2 + 0.102227 * a)
return(u / (1 + w)) # logit

}

Flowering probability

f.x <- function(a, x) {
u = exp(-8.95979 + 0.717488 * x - 0.016180 * x"2 + 0.426482 * a)
return(u / (1 + w))

}

Number of capitula

c.x <- function(a, x) {
value = 0.4536 + 1.9540 * x + 1.4276 * a
return(value)

}

Seedling size distribution

ssd.y <- function(y) {
value = exp(-0.583055 - 0.824603 * y)
return(value)

}

Establishment rate

sO0 <- 0.560

Evolution of the growth function

muG <- function(a, x) {
value = 2.005839 + 1.340332 * x - 0.028022 * x"2 - 0.332909 * a
return(value)

}
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sigmaG <- function(x) {
value = 0.9292 + 0.31563 * x
return(value)

}

G.yxz <- function(a, x, y, z, sigmaz) {
value = 1 / (sqrt(2 * pi * (sigmaG(x)“ 2 + sigmaz~2))) *
exp(- (z - (y - muG(a, x)))"2 / (2 * (sigmaG(x) "2 + sigmaz~2)))
return(value)

}

Functions that describe life history

# fecundity function

fmean <- function(a, y, x) {
value = s0 * f.x(a, x) * c.x(a, x) * ssd.y(y)
valueFec = ifelse(value >= 0, value , 0)
return(valueFec)

}

# survival growth function (mean transition rate from j to <)
tmean <- function(a, y, x, z, sigmaz) {
value = s.x(a, x) * (1 - f.x(a, x)) * G.yxz(a, x, y, z, sigmaz)
return(value)

}

# derivative of the log transition rate from j to 4
# with respect to the mean phenotypic value (2z) at j
dlntmean <- function(a, y, x, z, sigmaz) {
value = (theta.xy(a, x, y) - z) / (sigmaG(x)"2 + sigmaz"2)
return(value)

}

Transition matrix generator

# Builds the transition matrixz using the z wvector
TransitionMatrixGenerator <-
function(a, zvec, sigmazvec, n, min.size, max.size) {
# individuals of age a
b = min.size[a] + c(0:n) * (max.sizel[a] - min.size[al) / n # class boundaries
y.a = 0.5 x (b[1:n] + b[2:(n + 1)]) # midpoint of each class

# individuals of age a+l (al)
if (a != age.max) {
b = min.size[a + 1] + c(0:n) * (max.size[a + 1] - min.size[a + 1]) / n
# class boundaries
y.al = 0.5 * (b[1:n] + b[2:(n + 1)]) # midpoint of each class
h.al = y.a[2] - y.a[l] # step size for individuals of age a+l1 (al)
} else {
b = min.size[age.max] + c(0:n) * (max.sizelage.max] - min.size[age.max]) / n
# class boundaries
y.al = 0.5 * (b[1:n] + b[2:(n + 1)]1) # midpoint of each class
h.al = y.a[2] - y.al1] # step size for individuals of age maz
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individuals of age 1

min.size[1] + c(0:n) * (max.size[1] - min.size[1]) / n # class boundaries
= 0.5 * (b[1:n] + b[2:(n + 1)]) # midpoint of each class

y.1[2] - y.1[1] # step size for individuals of age 1

|

#
b
y.
h.
# Define zvec and sigmaz for this age class a

zvec_a = zvec[(a*n-(n-1)):(a*n)]
sigmazvec_a = sigmazvec[(a*n-(n-1)):(a*n)]

# Survival — Growth matriz
# Define empty matrizc
SG = matrix(c(NA), ncol = length(y.a), nrow = length(y.a))
for (i in c(1l:length(y.a))) {
for (j in c(l:length(y.a))) {
sGli, j1 <-
h.al * tmean(a, y.allil, y.aljl, zvec_aljl, sigmazvec_al[j])

# Fecundity matriz
F = matrix(c(NA), ncol = length(y.a), nrow = length(y.a))
for (i in c(l:length(y.a))) {
for (j in c(l:length(y.a))) {
F[i, j] <-
h.1 * fmean(a, y.1[i], y.al[jl)

# Full matrizc
kernel = SG + F

# dintij
d1nSG = matrix(c(NA), ncol = length(y.a), nrow = length(y.a))
for (i in c(l:length(y.a))) {

for (j in c(l:length(y.a))) {

d1nSG[i, j1 <-
h.al * dlntmean(a, y.allil, y.aljl, zvec_aljl, sigmazvec_al[j]l)

}

}

return(list(

K = kernel, # full kernel (TM+FM)

T™ = SG, # transition matriz

FM = F, # Fecundity matric

dInTM = d1nSG # derivative of the log of TM
)
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Full matrix generator

# Builds the age + size structured Kernel
MatrixGenerator = function(age.max, zvec, sigmazvec, MatrixDim, min.size, max.size) {
TM.k = matrix(data = NA,

nrow = MatrixDim,

ncol = MatrixDim)
FM.k = matrix(data = NA,

nrow = MatrixDim,

ncol = MatrixDim)
K.k = matrix(data = NA,
nrow = MatrixDim,
ncol = MatrixDim)
Kernals = array(data = O,
dim = c(age.max, 3, MatrixDim, MatrixDim))
superMatrix = array(0, dim = c((age.max * MatrixDim),
(age.max * MatrixDim)))
for (a in (1:(age.max - 1))) {
Kls = TransitionMatrixGenerator(a, zvec, sigmazvec, MatrixDim,
min.size, max.size)

Kernals[a, 1, , ] = Kls$K
Kernals[a, 2, , ] = K1s$TM
Kernals([a, 3, , 1] = K1s$FM

debut = (a - 1) * MatrixDim + 1

fin = debut + (MatrixDim - 1)

superMatrix[1:MatrixDim, (debut:fin)] = K1s$FM

superMatrix[((fin + 1):(fin + MatrixDim)), (debut:fin)] = K1s$TM
}

Kls = TransitionMatrixGenerator(age.max, zvec, sigmazvec, MatrixDim,
min.size, max.size)

Kernals[age.max, 1, , ] = K1s$K
Kernals[age.max, 2, , ] = K1s$TM
Kernals[age.max, 3, , ] = K1s$FM

debut = (age.max - 1) * MatrixDim + 1

fin = debut + (MatrixDim - 1)
superMatrix[1:MatrixDim, (debut:fin)] = K1s$FM
superMatrix[(debut:fin), (debut:fin)] K1s$TM

return(superMatrix)

Full dln matrix generator

# Builds the dlnTT matriz
dlnMatrixGenerator = function(age.max, zvec, sigmazvec, MatrixDim, min.size, max.size) {
TM.k = matrix(data = NA,
nrow = MatrixDim,
ncol = MatrixDim)
FM.k = matrix(data = NA,
nrow = MatrixDim,
ncol = MatrixDim)
K.k = matrix(data NA,
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nrow = MatrixDim,
ncol = MatrixDim)
Kernals = array(data = O,
dim = c(age.max, 3, MatrixDim, MatrixDim))
superMatrix = array(0, dim = c((age.max * MatrixDim),
(age.max * MatrixDim)))
for (a in (1:(age.max - 1))) {
Kls = TransitionMatrixGenerator(a, zvec, sigmazvec, MatrixDim,
min.size, max.size)
debut = (a - 1) * MatrixDim + 1
fin = debut + (MatrixDim - 1)
superMatrix[1:MatrixDim, (debut:fin)] = 0
superMatrix[((fin + 1):(fin + MatrixDim)), (debut:fin)] = K1s$dlnTM

Kls = TransitionMatrixGenerator(age.max, zvec, sigmazvec, MatrixDim,
min.size, max.size)

Kernals[age.max, 1, , ] = K1s$K
Kernals[age.max, 2, , ] = K1s$TM
Kernals[age.max, 3, , 1 = K1s$FM

debut = (age.max - 1) * MatrixDim + 1
fin = debut + (MatrixDim - 1)

superMatrix[1:MatrixDim, (debut:fin)]
superMatrix[(debut:fin), (debut:fin)]

0
K1s$d1nTM

return(superMatrix)

General recursion

# The general recursion defines the phenotypic and breeding wvalues
# based on the transition matrices

GeneralRecursion <-
function(g0, z0, NO, sigmag, sigmaz, age.max, MatrixDim, min.size, max.size) {
# define empty vectors for phenotype and breeding value
ztl = rep(NA, length(NO))
gtl = rep(NA, length(NO))

# full kernel
K = MatrixGenerator (age.max, z0, sigmaz, MatrixDim, min.size, max.size)

# compute number of individuals at t+1
Nt1 = K %x% NO

# fecundity matriz
FF = K
FF[(MatrixDim + 1):(MatrixDim * age.max),] = 0

# transttion matriz

TT = K
TT[1:MatrixDim,] = 0

88



# derivative of the log transition matrizc
d1nTT = dlnMatrixGenerator(age.max, z0, sigmaz, MatrixDim, min.size, max.size)

# recurstion for g values at t
for (i in 1:(MatrixDim * age.max)) {
if (Nt1[i] == 0) {
gti[il = 0
} else {
j = 1:(MatrixDim * age.max)
gt1[i]l = sum((NO[jI*TT[i, j1/Nti1[il) * (gO[jl + sigmaglj]l~2 *d1nTT[i, j1) +
(OLj1=FFli, j1/Nt1[i1)*(g0[31)))

# recursion for z wvalues at t
for (i in 1:(MatrixDim * age.max)) {
if (Ne1fi] == 0) {
zt1[i] = 0
} else {
j = 1:(MatrixDim * age.max)
zt1[i] = sum((NO[j1*TT[i, jl/Nt1[i]) * (20[j] + sigmaz[j]l "2 *dlnTT[i, j1) +
((NO[j1+FF[i, j1/Nt1[i])*(g0[j1)))
}
}

return(list(gt = gtl, zt = ztl))
}
Running recursion
RunRecursion <- function(gO, z0, NO, sigmag, sigmaz, age.max,

MatrixDim, min.size, max.size, nyears) {
# Define empty lists

zt = list()
gt = list()
Nt = list()
TT = 1list()

# Initialize for t=0
zt[[1]1] <- 20
gt[[1]1] <- g0
Nt[[1]] <- NO

# Recursion
for (t in 1l:nyears) {
TT[[t]] = MatrixGenerator(age.max, zt[[t]], sigmaz, MatrixDim,
min.size, max.size)
zt[[t + 1]] = GeneralRecursion(gt[[t]],
zt[[t]],
Nt[[t]],
sigmag,
sigmaz,
age.max,
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MatrixDim,
min.size,
max.size) $zt

gt[[t + 1]] = GeneralRecursion(gt[[t]],
zt [[t]1],
Nt[[t]],
sigmag,
sigmaz,
age.max,
MatrixDim,
min.size,
max.size) $gt

Nt[[t + 111 = TTCLt]] %=% Nt[[t]]

print(t)

}

# Data wrangling for nice outputs (number of individuals in each class)

TabNt = plyr::1ldply(Nt, rbind)

year = rep(0:nyears, each = MatrixDim * age.max)

age = rep(rep(l:age.max, each = MatrixDim), nyears + 1)

size.age = rep(rep(l:MatrixDim), age.max*(nyears+1))

size = vector()

compteur=1

for(a in 1:age.max){
b = min.size[a] + c(0:MatrixDim) * (max.size[a] - min.size[a]) / MatrixDim
midpoints = 0.5 * (b[1:MatrixDim] + b[2:(MatrixDim + 1)])
size[compteur: (compteur+(MatrixDim-1))] = midpoints
compteur=compteur+MatrixDim

}

sizevec = rep(size, nyears + 1)

zini = rep(z0[1], each = MatrixDim * age.max)

gini = rep(gO[1], each = MatrixDim * age.max)

sigmazini = rep(sigmaz[1], each = MatrixDim * age.max)

sigmagini = rep(sigmag[1], each = MatrixDim * age.max)

NTT <-
data.table(year, age, size.age, sizevec, zini, gini, sigmazini, sigmagini, TabNt)
colnames (NTT) <- c("year", "age", "size.age", "size", "zini", "gini",

"sigmazini", "sigmagini", "Nind")

# Data wrangling for nice outputs (breeding values)

GT = plyr::1ldply(gt, rbind)

year = rep(O:nyears)

GT <- data.table(year, GT)

GT = data.table: :melt(GT, id.vars = "year")

GT$size = rep(rep(l:MatrixDim, each = nyears + 1), age.max)
GT$age = rep(l:age.max, each = (nyears + 1) * MatrixDim)
colnames(GT) <- c("year", "age.size", "gt", "size", "age")

# Data wrangling for nice outputs (phenotypic values)
ZT = plyr::1ldply(zt, rbind)

year = rep(O:nyears)

ZT <- data.table(year, ZT)

90



ZT = data.table::melt(ZT, id.vars = "year")

ZT$size = rep(rep(l:MatrixDim, each = nyears + 1), age.max)
ZT$age = rep(l:age.max, each = (nyears + 1) * MatrixDim)
colnames(ZT) <- c("year", "age.size", "zt", "size", "age")

return(list(

NT = NTT,
gT = GT,
zT = ZT,
™ = TT
))
}

Simple run exemple

# Define matrixz dimension

MatrixDim = 50

# Define number of years for simulation
nyears = 50

# Define oldest age class

age.max = 8

# Define maxz size in each age class

max.size = c(15.5, 20.5, 24.5, 25.5, 20.5, 25.5, 20.5, 25.5)
# Define min size in each age class

min.size = c¢(0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 1, 0.5)

# To define the distribution of seedlings in the first cohort

boundaries = min.size[1] + c(0:MatrixDim) * (max.size[1] - min.size[1]) / MatrixDim
midpoints = 0.5 * (boundaries[1:MatrixDim] + boundaries[2:(MatrixDim + 1)])

# Constider 500 seedlings

NO <- matrix(c(500*ssd.y(midpoints), rep(0, (MatrixDim * age.max)-MatrixDim)), ncol = 1)

# Initial phenotypic values: O in each class

z0 = matrix(rep(0, MatrixDim * age.max), nrow = 1)
# Initial breeding values: 0 in each class
g0 = matrix(rep(0, MatrixDim * age.max), nrow = 1)

# Define input of wvariance

z=2

sigmaz = matrix(rep(z, MatrixDim * age.max), ncol = 1)

# constder heritability is 0.5

sigmag = matrix(rep(sqrt(0.5) * z, MatrixDim * age.max), ncol = 1)

# Run

output = RunRecursion(g0, z0, NO, sigmag, sigmaz, age.max,
MatrixDim, min.size, max.size, nyears)
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Chapter 3

Evolutionary rescue by means of
introgression: balancing genomic rescue

and swamping
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Abstract

Theory suggests that the likelihood of evolutionary rescue, where evolution prevents otherwise
inevitable extinction, increases with population size and availability of genetic variation. Intro-
gression, which refers to the back-crossing of hybrids with one or both parental lineages, can
boost evolutionary rescue by introducing new genetic variation into endangered populations. Al-
though cases of adaptive introgression are known, more often it results in demographic or genetic
swamping. We have analyzed a deterministic model, supported by individual-based simulations,
to quantify the effects of genetic swamping after a single introduction event of individuals from
another population. Our analytical results identify an optimal number of introduced individuals
that maximizes the surviving portion of the focal population’s genome. Assuming the focal
population has declined and exerts little competition, small and early introductions minimize
swamping, because the resident population remains large, while larger introductions maximize
the probability of rescue. Not only do our analytical results provide insights into the trade-off
between genetic swamping and rescue, they also provide tools to guide conservation managers

aiming to rescue small and/or inbred populations.

Keywords: conservation genetics, translocation, hybridization, genetic swamping, genetic rescue.
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Introduction

Long-term environmental changes pose an additional challenge to the persistence of populations
that may already be in decline, due to other anthropogenic threats (IPCC 2021; Parmesan
2006; Roman-Palacios and Wiens 2020). The ability of populations to respond to these changes
through genetic adaptation depends on the strength of selection relative to their adaptive capac-
ity (Gomulkiewicz and Holt 1995; Lynch and Lande 1993; Orr and Unckless 2008). Scenarios
where evolution can reverse demographic threats and so prevent otherwise inevitable extinction
have been termed evolutionary rescue (Gomulkiewicz and Holt 1995). Theory predicts that
the probability of evolutionary rescue decreases with stress intensity and increases with initial
population size and with the abundance of genetic variation available to fuel adaptation to new
conditions (for a review see Bell and Collins 2008). The potential role and importance of hy-
bridization (i.e., the crossing of different species or populations) as a conservation management
tool for evolutionary rescue is currently being debated across taxa (Bell et al. 2019; Chan et al.
2019; Hamilton and Miller 2016), including crops (Burgarella et al. 2019), forest trees (Cortés
et al. 2020) or animals (Hedrick 2013).

Hybrid back-crossing with one or both parental lineages (i.e., introgression) can increase
adaptive potential by introducing genetic variation through gene flow between populations.
Introgression that results in adaptive evolution is referred to “adaptive introgression”. However,
introgression does not always result in evolutionary rescue. Too much hybridization can lead
to (1) demographic or (2) genetic swamping of the target population. Demographic swamping
occurs when reproductive effort of the target population is diverted toward the production of
low fitness hybrid offspring (outbreeding depression) (Wolf et al. 2001), decreasing population
growth rate and hastening extinction. Genetic swamping occurs when hybrids are so fit (hybrid
vigor) or so frequent that there is substantial gene flow into the target species. The resulting
gene flow can lead to genetic loss of all or part of the endangered population’s genome (Allendorf
et al. 2001; Woodruff and Gould 1987). High levels of introgression can thus pose a threat to
preservation of the parental lineage (Rhymer and Simberloff 1996).

Studies to date are inconclusive about the most common outcome of introgressive hybridiza-
tion. A literature review by Todesco et al. (2016) indicates that genetic and demographic
swamping are more frequent than genetic rescue, with genetic swamping being much more fre-

quent than demographic swamping (Todesco et al. 2016). Although examples of swamping have
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been documented e.g., Isle Royale wolves (Canis lupus; Adams et al. 2011; Hedrick et al. 2014),
wildcats (Felis silvestris; Howard-McCombe et al. 2023), there are numerous examples of adap-
tive introgression for species rescue e.g., Florida panthers (Puma concolor coryi; Johnson et al.
2010; Pimm et al. 2006a), Scandinavian wolves (Canis lupus; Akesson et al. 2016; Vila et al.
2003), Iberian lynx (Lynx pardinus; Lucena-Perez et al. 2024) and for adaptation to novel en-
vironmental conditions e.g., domestic goats (Capra hircus; Zheng et al. 2020), Tibetan mastiff
(Canis lupus familiaris; Miao et al. 2017). In some instances, the parental genome has even
remained relatively intact despite long histories of association and potential interbreeding e.g.,
adders ( Vipera berus; Madsen et al. 2004), along with cases of stable hybrid zone formation e.g.,
darters (between Etheostoma osburni and Etheostoma variatum; Gibson et al. 2019).

One possible reason for genetic rescue appearing to be an uncommon outcome of hybridiza-
tion in the studies summarized by Todesco et al. (2016) is the authors’ choice of search terms,
which included “extinction” but not “rescue”. Furthermore, many studies of hybridization involve
communities with on-going hybrid formation, making swamping more likely. Unfortunately,
there is still little guidance as to when and how much hybridization might be beneficial in a
conservation context (Bell et al. 2019). Lack of clear guidelines and practical tools contributes
to the reluctance to engage in genetic rescue via hybridization out of concerns about losing
the genetic distinctiveness of local populations and potentially contributing to extinction risk
(Liddell et al. 2021; Weeks et al. 2016).

Due to its unpredictable and potentially damaging effects, genetic rescue by means of intro-
gression remains a controversial conservation management tool (Bohling 2016). For species that
can be bred in captivity, controlled back-crosses between distinct population can limit the harm-
ful effects of both demographic and genetic swamping. For species that cannot be easily bred,
however, it is challenging to predict the outcome of introgression. For conservation purposes
the long-term effects of hybridization matter, but for many species little is known about hybrid
fitness beyond the first few generations of crosses. Models can help to evaluate the relative risks
of genetic swamping and to guide conservation approaches for evolutionary rescue of wild popu-
lations (see for instance Aitken and Whitlock 2013; Baskett and Gomulkiewicz 2011; Maroso et
al. 2023; Vedder et al. 2022; Zilko et al. 2021). Simulations of Human /Neanderthal introgression
has shown that genetic rescue by introgression leads to the loss of a portion of the native genome
proportional to the fitness increase in the population, assuming the focal population has a stable

effective size (Harris et al. 2019). Previous work explored the trade-off between maintaining the
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recipient population’s genome and maximizing survival, with simulations, seeking to maximize
both genetic diversity and population survival under continuous step-wise environmental change
of different magnitude affecting the optimal value for a polygenic quantitative trait (Kelly and
Phillips 2019a; Smart and Phillips 2023). These simulations showed that the timing of the intro-
duction and the size of the introduced cohort are the most important parameters for maximizing
the success of the targeted gene flow.

Here, we present an analytical framework that compare the long-term risks of genomic
swamping relative to genetic rescue, allowing exploration beyond particular parameters. We
focus on cases of introgression between genetically distinct populations or sub-species where hy-
brid fitness is moderate to high. Our model can be interpreted as a reference model for genome
rescue by means of introgression and can be used to assess the optimal number of introduced
individuals to minimize genetic swamping while allowing evolutionary rescue. We also provide
individual-based simulations coded in SLiM (Haller and Messer 2017), which track changes across
the genome and can be modified to explore parameters (see Perspectives) most appropriate for

a species of interest.

Methods

Model description

We begin by describing the simplest scenario where one adaptive allele found in a related pop-
ulation can boost fitness of a declining population of concern. We refer to these populations as
the non-resident and resident population, respectively. We track the fate of distinctive neutral
alleles that differentiate the resident population, focusing on a particular locus A, following
the introduction of an adaptive allele B at locus B from the non-resident population. The B
allele could represent a gene of large effect that underlies adaptation to the current biotic or
abiotic environment. We consider a randomly mating diploid population with crossovers occur-
ring between loci A and B at rate c. At generation n = 0, non-residents of haplotype “aB” are
introduced at a frequency of pg into a population of residents, consisting of “Ab” haplotypes.
Individuals bearing the B allele have a fitness advantage s (Wp = 1+ s) over the resident
individuals (W, = 1). We call the hybrid “AB” the rescue haplotype, as it combines the fitness
advantage of allele B with the locally distinctive allele A.

We follow the notation of Maynard Smith and Haigh (1974), who investigated genetic hitch-
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hiking of neutral alleles alongside the spread of an adaptive allele. The extent of hitchhiking was
made analytically tractable by changing variables from haplotype frequencies to the frequency
of the adaptive allele p, across generations n, alongside the frequency of the neutral allele A
among carriers of the adaptive B allele (called @,) and among carriers of the non-adaptive b
allele (called R,). The notation is summarized in Table 3.1. For the problem at hand, we seck
to maximize @), the frequency of the non-resident haplotype, which combines both the adaptive

allele B and the resident allele at the neutral locus A.

Haplotype AB aB Ab ab
Frequency pn@n pn(1—Qn) (1 —pu)R, (1 —pp)(1—Ry,)
Fitness 1+s 14+ s 1 1

Tab. 3.1: Summary table of haplotypes, their frequencies at generation n, and their fitnesses

As locus A is neutral, the dynamics of allele B with fitness advantage s is given by:

po(l+s)"
Pn = ,
1 —po+po(l+s)”

(3.1)

The initial frequency pg is determined by when the introduction occurs and how large it is. If
the resident population size currently consists of Ngr haplotypes, then an introduction of Ny
haplotypes gives pg = %’%. To be consistent with Maynard Smith & Haigh’s haploid model,
we count haplotypes throughout, with diploid populations consisting of N/2 individuals. In a
diploid population, we assume that diploid fitness is determined by the product of the fitness
effects of each component allele (Wgp = (1 + 5)%, Wg, = (1 + s), Wy, = 1). We expect that
dominance should not matter too much, because most of the hitchhiking effect and fixation
probability are determined early, before BB arises, but this reasoning may break down at very
low recombination rates, we will do simulations to check how much it affects the predictions at
a later point.

As noted below, the smaller pg, the less genetic swamping is expected in the resident popu-
lation, which makes it a relevant parameter to explore. From a conservation standpoint, intro-
ducing fewer individuals (smaller Ny) or introducing them earlier (while the resident population
Np remains large) both reduce py.

We start by quantifying the fixation probability of B and then incorporate the degree of

introgression in a later section.
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The probability of evolutionary rescue

We consider the probability that the adaptive allele establishes within the resident population,
rescuing the population. Haldane (1927) investigated the probability of establishment of the
rare advantageous allele B using the theory of branching processes. While he considered a
constant population size, this framework is readily adapted to consider changing population
sizes (as in Otto and Whitlock 1997). Let 1 — P,[IN;] be the probability that none of the
Ny copies the adaptive allele B, present at generation n, will leave descendants in the next
generation. The probability of B establishing in the population is then P,[N;]. If we assume a
Poisson distribution for the number of offspring A,, per individual bearing the adaptive allele B

at generation n, then P,[Ny| satisfies:

> N,
L= PalNp) = 3™ = (L= P 1)), (3.2)
j=0
where \ stands for the average number of offspring (Haldane 1927). We assume that the resident
population size has declined to the point that it exerts little competition on other individuals.
The population size is then expected to decline geometrically over time by a factor (1 + r)
each generation among individuals bearing the non-adaptive allele b and to rise by a factor
(1 +r)(1 + s) among individuals bearing the adaptive allele (see Otto and Whitlock 1995 for
models allowing competition). For the evolutionary rescue scenario of interest, (14 7) < 1 while
(I+7r)(1+s)>1.
As long as the adaptive allele establishes while competition remains negligible, the number
of offspring per individual bearing the adaptive allele B remains constant at A = (14 r)(1+ s),
and the probability of establishment is the same from one generation to the next (P,[N;] =
P,+1[N1] = P[Ny]). The probability that the adaptive allele establishes when introduced in a

single copy, P[1], then equals the valid solution to:
P[1] =1 — ¢~ N+ PN (3.3)

where 0 < P[1] < 1 when the adaptive allele is capable of rescue ((1 4+ r)(1 +s) > 1). If
multiple individuals bearing B are initially introduced, then P[N;] = 1 — e~ N1(+n)(1+s)Pl] —
1—(1— PN,

Equation 3.3 may be solved numerically for any value of r and s, but if we assume that the
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number of offspring per B parent is near one (A = (1+7)(14s) ~ 1) then P[1] &~ 1—e~2(+s+79) ~
2(r + s + rs). Introducing N; individuals from the non-resident population then rescues the
population with probability:

PINj=1— o 2N1(r+s+rs) (3.4)

Introgression

Here, we assume that the population sizes are large enough to ignore drift (we relax this as-
sumption below). While the resident population is declining and will eventually go extinct if
rescue does not occur in time, the frequency of each haplotype can still be described determin-
istically following the methods of Maynard Smith and Haigh (1974). Their Equation (7) gives
the frequency of the non-resident haplotype “AB” among individuals bearing the adaptive allele

B at each generation (Q,,), which can be rearranged as the sum of terms

n

- 1—po
n=R c(l—¢)t -, 3.5
Q Oi_zl ( ) 1—p0+p0(1+8)1 ( )

Similarly, 1 — Q),, measures introgression of the non-resident allele a at time n among haplotypes
bearing B. Within this deterministic framework, the frequency @Q,, of the non-resident haplotype
among individuals bearing the adaptive allele B can be explored over time, either assuming free
recombination (see Supplementary Material 3 - S1) or allowing linkage (see Supplementary
Material 3 - S2).

Of particular interest is the fraction of the resident genome ultimately preserved, long after
the introduction event, given by Q. In the next section, we will use this quantity to determine
the extent of introgression across the whole genome. To do so, however, we must approximate
Q0. Previous approximations have assumed large populations (Durrett and Schweinsberg 2004 )
and/or weak selection (Barton 2000). We consider an alternate approximation that allows for

strong selection in populations of moderate size (see Supplementary Material - S3):

1—
log fopl

Qoo ~ Ro(1 —po) [ 1= (1 — ) Termior | | (3.6)

Below, we assume that the resident population initially lacks the adaptive allele B (Ry = 1).
In Suppl. Tab. 3.1, we compare our approximation with the original expression of Maynard

Smith and Haigh (1974), as well as the approximations of Barton (2000) and Durrett and
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Schweinsberg (2004) (see Supplementary Material 3 - S4). We find that equation 3.6 slightly
overestimates the final frequency of the rescue haplotype (@) but is more accurate, on average,
across the range of parameters considered in Table 1 of Maynard Smith and Haigh (1974).
Importantly, the approximation holds well even for stronger selection (s = 0.5 considered in
Suppl. Tab. 3.2), as might be experienced for a major effect allele capable of rescuing the

resident population from extinction.

Fraction of the resident genome preserved

Instead of considering a single neutral locus A, we now look at the impact of introgression of
locus B on the whole genome, given a genetic map. We approximate the fraction of the resident

genome preserved after the sweep is over (G) using Haldane’s mapping function, i.e., for sites

located 6 Morgans from locus B (Haldane 1919). Using ¢ = %(1 — exp~ ) and averaging Qo

across the genome, we have:

G — Jim Qool0) dB

= (3.7)

for a genetic map of length M. As detailed in the supporting Mathematica notebook, this

expression can be simplified to

1 2M

G = (1 —po) = 371 =po) <21$ <Beta[1j€2M, —z,0] — Beta[%, —x,0]>> (3.8)

1-po

log(l’fs)) and Beta[a, b, ¢] is the incomplete beta function (see Abramowitz et al. 1988

with z =

p. 944). Note that for very long maps, i.e., M — oo, G approaches the following limit
log(pk—1)
GM—oo = (1—po) (1 —2 Tl |, (3.9)

While the above assumes a single chromosome, the average amount of introgression across a
genome with multiple chromosomes is given by fG + (1 — f)Gpr— 00, Wwhere f is the fraction of
the genome on the chromosome bearing the adaptive allele B and M is now the length of that

chromosome.
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Combining evolutionary rescue and genomic preservation

To determine the optimal balance between the probability of rescue and genomic preservation of
the resident genome, we combine the above metrics. The expected weighted fraction of genome
rescued (E[R]) is then

E[R] = G PNy, (3.10)

where v is a weighting factor that determines how critical avoiding swamping is (v >> 1: very
critical, v << 1: not at all important). When v = 1, E[R] gives the the expected surviving

portion of the resident population’s genome that remains in the long-term.

Individual-based simulations

We perform individual-based simulations using SLiM (Haller and Messer 2017). We model a
declining population of diploid individuals where an individual possessing a beneficial mutation
is introduced. To be able to compare with the haploid framework previously described, we use a
diploid model of selection that matches haploid selection such that h = (=1 ++/1 + s)/s. Each
generation, offsprings are stochastically drawn in a Poisson distribution according to population
size and parent fitness. Each simulation stops once the beneficial mutation has fixed, and we
compute the proportion of the genome at each loci that descends from the non-resident individual
initially introduced. We run simulations for parameters detailed in 3.2 (but see Perspectives).

We use Haldane’s mapping function to compute a recombination rate that matches the
analytical framework. We consider a map with a length of M = 2 Morgans and L = 100 loci,
which are distributed equidistantly along this map. The recombination rate between each pair
of loci is then ¢ = %(1 —exp~ 2X(M/L)y ~ 0.02. We repeat the simulations 400 times for each set
of parameters.

We first use these individual based simulations simply to check the expectation of our ex-
pressions (see Supplementary material 3 - S5 and Perspectives). We average the fraction of the
non-resident genome introgressed at each loci and compare it to equation (6) and across the

whole genome and compare it to the prediction from our approximation, equation (8).
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Parameter Value(s)
Carrying capacity 7000
Resident population size 100, 1000

Relative selection coefficient 0.7

Number of runs 400

Tab. 3.2: Summary table of simulation parameters

Results

Degree of introgression

As illustrated in Fig. 3.1, a higher fraction of the resident genome is retained when proportion-
ately fewer genomes are introduced (lower pg), when the species recombines at a higher rate
across its genome (higher length of genetic map, M), and when selection favouring the adaptive
allele is weaker (lower s). For species with large map lengths (large M), the maximum amount
of the resident genome preserved is expected to equal 1 — pg when selection is weak and 1 — 2pg
when the adaptive mutation doubles fitness (s = 1). Thus, the most important consideration
for preserving local genetic diversity is to reduce pg by maximizing the number of residents and
minimizing the number of introduced individuals (compare panels for different pg in Fig. 3.1).
While waiting to introduce genetic variation is important for conservation managers to be con-
fident that hybrid rescue is needed, waiting increases the extent of genetic swamping, simply
because fewer resident genomes are present at the time of introduction.

As expected, stronger selection (s) on the adaptive allele B leads to less preservation of
the resident genome due to a faster sweep. By contrast, higher rates of recombination (longer
genetic map lengths, M) facilitate the maintenance of the resident genome, decreasing the extent
of introgression (Fig. 3.1). Note that the fraction of the resident genome retained is independent
of population dynamics (r), and is only affected by the initial ratio of non-resident relative to

the size of the resident population.
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Fig. 3.1: The fraction of the resident genome retained after the sweep (G) rises with the map
length of the species (M) but declines with the selective advantage of B (lighter shading) and
its initial frequency pg (from left to right).

Balancing rescue and swamping

While minimizing introduction frequencies (pg) always reduces swamping, introducing too few
non-resident individuals risks losing the adaptive allele while it remains rare. Thus, there is
a trade-off in the optimal number of non-resident to introduce into the resident population
to maximize the probability of rescue and the preservation of the resident genome (Equation
3.10). This trade-off is explored in Fig. 3.2), assuming that the goal is to maximize the surviving
portion of the focal species’ genome (v = 1), accounting for the possibility of extinction (nothing
remains) and persistence (G’ remains). The larger the population size of the resident population
at the time of introduction, the higher the optimal number of introduced individuals (from
yellow to purple vertical lines), because swamping is expected to be weaker and rescue is the

most important factor determining the expected amount of the resident genome that will remain

in the population.
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Fig. 3.2: The optimal number of non-resident individuals to introduce to maximize the probabil-
ity of rescue (vertical lines) depends mainly on the size of the resident population (colored curves,
affecting po) and the fitness advantage of the adaptive allele (s, columns). The rows consider
different conservation objectives, from considering the fixation probability alone (v = 0), rescue
mattering ten times more than swamping (v = 0.1), both being of equal importance (v = 1), or
swamping being five times more important (v = 5). Other parameters: r = —0.01 (decline of
the resident population), map length M = 1.

The optimal number of individuals to introduce also depends greatly on the fitness advantage
of the rescue allele B (s), the stronger the advantage the smaller the optimal introduction size
s (from left to right panels, Fig. 3.2 and Fig. 3.3), both because genetic swamping is more
severe and the probability of rescue is higher when selection is strong. In some cases, it may be
preferable to ensure survival of the population, even at the risk of more genetic swamping (v < 1),
for example, when the population plays an important ecological role. In this case (v = 0.1;
second-row panel), the best compromise is to introduce slightly more non-resident to ensure
maximal rescue. In other cases, it may be preferable to avoid swamping of the resident genome
as much as possible, as when the distinctive traits of the resident population are culturally
valuable. This can be investigated by increasing v above 1, which places more weight on keeping
the resident genome intact and thereby overall decreases the optimal number of introduced
copies of the B allele. Higher rates of decline in the resident population (r decreases) increase
the optimal number of non-resident individuals to introduce to maximize the probability of

rescue (Fig. 3.3), but lower the maximum fraction of the resident genome that can be saved (see
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Supp. Fig 3.7 and 3.8 in Supplementary material 3 - S6).
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Fig. 3.3: Higher rates of decline in the resident population (colors) increase the optimal number
of non-resident individuals to introduce to maximize the probability of rescue, particularly the
fitness advantage of the adaptive allele is low (s, columns) and when rescue matters ten times
more than swamping (v = 0.1). There is no solution to equation (4) when r» = —0.1 and s = 0.1
(darker color). Other parameters: map length M = 1.

Discussion

Genetic swamping poses a risk for conservation management approaches that involve intro-
gressive hybridization. To provide more insight into the balance between gene swamping and
evolutionary rescue of endangered populations, we built a model and determined the optimal
number of introduced individuals given the conservation value of preserving (v > 1) or rescuing
(v < 1) the local population (v). Genetic swamping is here defined as the extent of the non-
resident genome that makes it into the resident, 1 — G, while rescue is defined as the probability
that the rescue allele (B) fixes in the resident population, P[Ny], allowing the population to
grow.

In this paper, we highlight critical parameters that determine the surviving portion of a focal
population’s, providing guidance for conservation managers considering this type of practice. As
it is the case for other conservation strategies, such as conservation breeding programs, the size
of the resident population to be saved is one the most critical parameter to assess the risks of
such practice (Rabier et al. 2022, Appendix C). A larger resident population helps slow down

hitchhiking of linked alleles along with the adaptive allele, encouraging planning them as early
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as possible.

The model we present here investigates the long-term dynamics of hybridization and is
simplistic in many aspects. For example, our model assumes uniform recombination across the
genome. It is well known, however, that recombination rates vary greatly across the genome
(Stapley et al. 2017). Adaptive alleles that occur within regions of lower (higher) recombination
will lead to more (less) genetic swamping than we have calculated, although these effects should
be localized within that region of the genome. Indeed, recent work has shown that patterns of
introgression vary across the genome (Baack and Rieseberg 2007). Large genome-scale analyses
will be required to understand whether rampant genetic exchange is the rule for hybridizing
species or whether much of the genome is resistant to introgression.

As expected, there is a trade-off between genetic swamping and evolutionary rescue, which
can be optimized by introducing an intermediate number of hybrids. Our results are in line
with those of Kelly and Phillips 2019a, which showed that the timing (and therefore the size of
the resident population) and the size of the introduction were the key parameters determining
introgression success. Our analytical model also allows determination of that optimal number
of invaders that would lead to the highest expected evolutionary rescue. Whether the recent
theoretical results can be extended to inform when natural populations will undergo evolutionary
rescue if faced with novel environmental conditions remains to be seen. To facilitate comparing
these theoretical predictions with empirical data, we provide a simulation framework in SLiM
which allows users to change parameters of the model and visualize the output instantly (see

Perspectives).

Perspectives

Before we consider submitting this work, further modifications and analyses remain to be carried

out.

1. The deterministic calculations of Maynard Smith and Haigh (1974) are known to underes-
timate the effect of hitchhiking because the frequency of B rises faster among those cases

that fix. Future work will involve changing pg to po/(2s) as mentioned by Barton (2000).

2. We will add deleterious mutations, similarly to Hartfield and Otto 2011 and Kelly and
Phillips 2019a, as they can decrease the fitness of individuals with too much swamping,

and facilitate the persistence of recombinant lineages. We will also explore adding barriers
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to gene flow with incompatibilities (BDMIs) into the individual-based simulations.

3. Ultimately, we would like to develop a Shiny app to allow users to enter parameters for
a species of interest. Alternatively, we could explore writing an R wrapper using slimr

(Dinnage et al. 2023) to implement our simulation framework directly onto R.



Chapter 8. Evolutionary rescue by means of introgression 107

Supplementary material 3

S1. Free recombination

Consider a single non-resident individual is introduced into the resident population, at generation

n = 0. In the notation of Maynard Smith and Haigh 1974, this means that Ry = 1 and Qg = 0,

with po = NLR. Assuming free recombination (¢ = 0.5), the amount of rescue each generation

can be expressed as
n

7 274 (1 — po)
=2 1—po+po(l+s)

i=1

(S1)

We explore the expected amount of rescue (Q)y,) after 20 generations for relatively small resident
populations of 10, 50 or 100 individuals (Suppl. Fig. 3.1). We find that for the rescue haplotype
to predominate in the population, the initial introduction must be at a low enough frequency
relative to the size of the resident population. For a population of 10 individuals, the maximum
frequency of the rescue haplotype barely exceeds 0.75. For populations of size 50 or 100, however,
the final frequency of the rescue individuals is close to 1, if the fitness advantage of the beneficial
allele is not too important. Otherwise, the proportion is slightly lower, notably for populations
of 50 resident individuals, and falls to around 0.6 for populations of 10 resident individuals.

Initial frequency of the rescue allele B (po)
1/100 1/50 1/10

Fitness advantage of

I the beneficial allele B (s)
| 1.00

0.75
0.50
\ 0.25

0.00 1

0 5 10 15 200 5 10 15 200 5 10 15 20
Generations

Frequency of the rescue haplotype AB (Q,)
2

Suppl. Fig. 3.1: The rescue haplotype predominates in the population, at the end, if the initial
introduction is at low enough frequency relative to the resident population size and the sweep
not too fast (fitness advantage of the B allele not too high).
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S2. Allowing linkage

We next relax the assumption that the loci are unlinked and evaluate the fraction of the rescue
haplotype AB that ultimately fixes. Due to imprecision when recombination rates are low, we

use Q500 generations rather than Q.
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Suppl. Fig. 3.2: Recombination increases the frequency of the rescue haplotype retained after
500 generations similarly with both initial frequency at introduction.

S3 - Approximation for the extent of hitchhiking

The summation in Equation 3.5 has the form of a geometric probability distribution (¢(1—c)i~1),
weighted by the frequency of the non-resident allele b at time ¢. Thus, the summation describes
the waiting time until a successful recombination event moves the selected allele B from a
haplotype carrying the non-resident allele a to one carrying the resident allele A, given that the
probability that the homologous chromosome carries b declines over time according to 1 — p,
(Equation 3.1). The Ry multiplying the summation in Equation 3.5 represents the probability
that this homologous chromosome also carries A.

Because the adaptive allele frequency is expected to change logistically over time, the weight-
ing is near one initially when 1 — py &~ 1 and near zero once allele b becomes rare. The approx-
imation we pursue replaces the logistic weighting term (given by the the fraction in Equation
3.5) with a rectangular function, starting with a height of 1 — py and declining to zero at the
mid-point of the logistic. The midpoint is found by setting p,, in Equation 3.1 to 1/2 and solv-

ing for the generation at which this occurs, giving n,,;q = log((1 — po)/po)/log(1l + s). The
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cumulative distribution of the geometric distribution up until time n,,;q gives Equation 3.6.

Note that for tight recombination (i.e., ¢ — 0), this approximation goes to

(1 = po) log (152
log(1 + s) '

Qmaz ~ (S1)

This approximation is expected to be most precise when selection is strong s >> 0, so that
the logistic change in allele frequency has a steep slope at the mid-point. As shown in Suppl. Tab.
3.1 and 3.2, however, the approximation works well across the range of parameters considered

(see Supplementary Material S4 for calculations of these tables and illustrative figures).

S4. Comparisons

Comparison with the exact sum for (), from Maynard Smith and Haigh 1974
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Suppl. Fig. 3.3: The approximation (equation (6); plain line) slightly overestimates the amount
of rescue after a large number of generations against the exact value for @, (equation (5);
dotted line) but performs well overall whether the fitness advantage is s = 0.02 (in blue) after
700 generations, s = 0.1 (in pink) after 150 generations, or s = 0.5 after 50 generations.

Comparison with previous approximations
Comparing to Durrett and Schweinsberg 2004

Durrett and Schweinsberg 2004 have an approximation when the population size is very large.
We find the approximations to diverge for strong fitness advantage (in orange) or for higher

starting frequencies (pp = 1/100 or py = 1/10).



Chapter 8. Evolutionary rescue by means of introgression 110

Initial frequency of the rescue allele B (p)
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Suppl. Fig. 3.4: The approximation for @, (equation (6); plain line) works well for a lower initial
frequency of the rescue allele B but underestimates the amount of rescue after a large number
of generations compared to the approximation by Durrett and Schweinsberg 2004 (dotted line)

especially for higher starting frequencies (pg = 1/100 or pg = 1/10) or a strong fitness advantage
s = 0.5 (orange).

Comparing to Barton 2000

Barton 2000 approximates discrete time recursions with continuous time functions, assuming
that (1 + s) =~ exp(s) and (1 —r) ~ exp(—r). His approximation works well when selection is

weak but breaks down with strong selection (when s is 0.5 or larger).

Initial frequency of the rescue allele B (p)
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Suppl. Fig. 3.5: The approximation for @,, (equation (6); plain line) works well when the fitness
advantage of the rescue allele B is weak but breaks down with a stronger advantage (when s is
0.5, in orange) compared to the approximation by Barton 2000 (dotted line).
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Comparing all existing approximations to Maynard Smith and Haigh 1974

Starting with pg = 1/ copies of the allele, we compare the approximation for @,, (equation 3) to
the approximation ¢ log(/N) from Maynard Smith and Haigh 1974, to Durrett and Schweinsberg
2004 and Barton 2000.

We find when N is large, s small, and ¢ small, there are substantial discrepancies unless
enough time has passed but after 5000 generations we are able recreate the Maynard Smith and

Haigh 1974 table.
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N s c Q5000 MS&H (1974) D&S (2004) Barton (2000) Equation 3.6
100 0.01 0.00003 0.0137599 0.4% -0.3% -1.3% -1.0%
100 0.1  0.0003 0.014231 -2.9 -3.6 -4.6 -0.1
1000000 0.01 0.00001 0.013782 0.2 -0.4 -0.4 0.0
1000000 0.1  0.0001 0.0143404 -3.7 -4.3 -4.3 0.4
100 0.01 0.00006 0.0273027 1.2 -0.2 -1.2 -0.9
100 0.1 0.0006 0.0282332 -2.1 -3.5 -4.4 0.0
1000000 0.01 0.00002 0.027371 0.9 -0.4 -0.4 0.1
1000000 0.1  0.0002 0.0284731 -3.0 -4.3 -4.3 0.4
100 0.01 0.00015 0.0666666 3.6 0.1 -0.9 -0.6
100 0.1  0.0015 0.068906 0.2 -3.1 -4.1 0.3
1000000 0.01 0.00005  0.067007 3.1 -0.4 -04 0.1
1000000 0.1  0.0005 0.0696546 -0.8 -4.2 -4.2 0.4
100 0.01 0.0003  0.128271 7.7 0.6 -0.4 -0.1
100 0.1 0.003 0.132476 4.3 -2.6 -3.6 0.8
1000000 0.01 0.0001  0.129455 6.7 -0.3 -0.3 0.1
1000000 0.1 0.001 0.13441 2.8 -4.0 -4.0 0.4
100 0.01 0.0006  0.237936 16.1 1.5 0.5 0.7
100 0.1 0.006 0.245355 12.6 -1.6 -2.6 1.6
1000000 0.01 0.0002  0.241909 14.2 -0.2 -0.2 0.2
1000000 0.1 0.002 0.25059 10.3 -3.7 -3.7 0.5
100 0.01 0.0015  0.482226 43.2 3.4 2.4 2.7
100 0.1 0.015 0.495058 39.5 0.8 -0.2 3.5
1000000 0.01 0.0005  0.498418 38.6 0.1 0.1 0.4
1000000 0.1 0.005 0.513015 34.7 -2.8 -2.8 0.7
Mean error 9.5% -1.4% -1.9% 0.4%
Mean absolute error 10.5% 1.9% 2.1% 0.7%

Suppl. Tab. 3.1: Comparing the approximations for ), across the parameters considered by
Maynard Smith and Haigh (1974): the number of haplotypes (IV), the selection coefficient (s),
and the crossover frequency (c). Starting with a frequency of pg = 1/N of the adaptive allele
B, Equation (3.5) for @, was evaluated at generation 5000, which was sufficient time to see
no further change and to recreate their Table 1 (4th column). The % error from Qsp00 is
reported in the following columns, with the mean % error and mean absolute % error reported
at the bottom of the table. Approximations: c¢/slog(1/pg) from Maynard Smith and Haigh,

1 —exp(—c log(1/po)/s) from Durrett and Schweinsberg (2004), (1 — po)(1 —pg/s) from Barton
(2000), and Equation 3.6.
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N s c Q5000 MS&H (1974) D&S (2004) Barton (2000) Equation 3.6
100 0.5 0.0015 0.0161532 -14.5% -15.1% -15.9% 3.4%
1000000 0.5 0.0005 0.0166482 -17.0 -17.6 -17.6 1.5
100 0.5 0.003 0.0320271 -13.7 -14.9 -15.8 3.5
1000000 0.5 0.001 0.0330224 -16.3 -17.5 -17.5 1.5
100 0.5 0.0075 0.0780226 -11.5 -14.5 -15.3 3.8
1000000 0.5 0.0025 0.080546 -14.2 -17.1 -17.1 1.5
100 0.5 0.015  0.149547 -7.6 -13.7 -14.6 4.2
1000000 0.5 0.005  0.154676 -10.7 -16.6 -16.6 1.5
100 0.5 0.03 0.275298 0.4 -12.3 -13.2 5.0
1000000 0.5 0.01 0.285668 -3.3 -15.5 -15.5 1.5
100 0.5 0.075 0.54576 26.6 -8.6 -9.5 6.4
1000000 0.5 0.025 0.56982 21.2 -12.5 -12.5 14
Mean error -5.1% -14.7% -15.1% 2.9%
Mean absolute error 13.1% 14.7% 15.1% 2.9%

Suppl. Tab. 3.2: Comparing the approximations for @, with stronger selection. Equivalent to
Table 3.1 but with s = 0.5.
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S5. Individual-based simulations
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Suppl. Fig. 3.6: The fraction of non-resident genome that is introgressed increases toward the
locus where the beneficial allele is introgressed. Equation (6) slightly overestimates the average
fraction of non-resident genome introgressed at each locus when compared to the simulation re-
sults, especially in regions close to the introgressed allele. The total fraction of genome swamped
is also slightly underestimated by equation (8) (14%) compared to the simulations (13%), al-
though this difference is more important for a smaller initial resident population with equation
(8) (8%) compared to the simulations (5%).
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S6. Higher rates of decline of the resident population

Fitness advantage of the beneficial allele B (s)

0.1 0.25 0.5 1

Ny /
© 0.751 [
g 0.5 o
Q . 2
@ 0.251 2
) 0 =
E 1 i f‘s @ Initial number of
@ 0.751 T resident individuals
> 0.51 o8
5 =0 10
2 0.25- - o5
.% 0 o = 50
8 11 2 — 75
3 | . =
-— 97 - » —
,-57 0.25 1 | | | | |i 5 — 500
G) —
:  0- | 3 1000
8 14 2
g 0.75 1 2;
S 051 1 <
L 0.25 1

04 ES ) I I i

1 10 20 30 401 10 20 30 401 10 20 30 401 10 20 30 40
Number of non-resident initially introduced (N,)

Suppl. Fig. 3.7: The optimal number of non-resident individuals to introduce to maximize the
probability of rescue (vertical lines) increases with a higher rate of decline(r = —0.05) and the
maximum portion of the resident genome that can be saved decreases. Other parameter: map
length M = 1.
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Suppl. Fig. 3.8: The optimal number of non-resident individuals to introduce to maximize the
probability of rescue (vertical lines) increases with a higher rate of decline(r = —0.1) and the
maximum portion of the resident genome that can be saved decreases. There is no solution to
equation (4) when r = —0.1 and s = 0.1. Other parameter: map length M = 1.
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The work presented in this thesis focuses on assisted gene flow practices and their relevance as

a conservation strategy.

Relevance of assisted gene flow practices

In Chapter 1, we used a stage-structured framework, where individuals of each stage present
different tolerances to a climatic variable (using temperature as an example). We show how
assisted gene flow can effectively mitigate the effects of climate change by reducing the expected
loss of individuals after climate change when planting trees adapted to warmer temperatures.
We find, however, that the expected benefits of implementing assisted gene flow strategies are
sometimes limited. We also highlight a high degree of uncertainty surrounding the outcome of
these practices, mainly because an important parameter is poorly understood: the change in
climatic tolerance of trees across life stages. The outcome of these practices was also strongly in-
fluenced by the stochasticity of the climate. We conducted a preliminary review of the literature
looking for quantitative estimates of variation in thermal tolerance in trees, which revealed that
few studies had a clear answer and none had quantitative measures of this parameter (Master’s
project of Freya Eriksen, 2021). We attempted to estimate the thermal tolerance of trees at
different life stages by measuring climatic response curves such as reported in provenances tests
and transplantation in many tree species (see Appendix A), which proved difficult due to (i) the
lack of data on the effect of temperature on survival, although there are more data on the effect
on growth, and (ii) the lack of data for the same species at different ages.

In Chapter 2, we developed a new framework for integral projection models to incorporate
evolutionary dynamics, which is a step forward in overcoming some of the problems associated
with existing models (see Appendix B). We use this model to investigate the possibility that an

increase in genetic variance for growth in a declining population, as a result of assisted gene flow,
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could stimulate evolutionary rescue. Our first, simple scenario assumes that a single cohort of
the rare and endangered species C. corymbosa is planted, but the aim is to model more complex
scenarios of reinforcements at a later stage. In this particular case, the species seems to have
little chance of escaping extinction, even with an increase in genetic variation for individual
growth rate.

In Chapter 3, we presented an analytical framework that introduces a new approximation
for equation (7) of Maynard Smith and Haigh (1974), which gives the fraction of the genome
that is conserved in a population where a beneficial allele is introduced (Maynard Smith and
Haigh 1974). We show how this approximation produces more accurate results than previous
approximations. We found that managed gene flow between genetically distinct populations or
closely related species can lead to the introgression of beneficial alleles while still preserving
a significant portion of the focal species’ genome, although highly dependent on the number
of individuals introduced relative to the size of the focal population. We draw attention to
the fact that this type of managed gene flow, often considered a last resort out of fear and
cost, carries greater risks when undertaken when natural populations are already in a very poor
state. This echoes the message of a study I contributed to writing and published during my
PhD (Rabier et al. 2022; Appendix C). Using simulations, we found that ez situ conservation
breeding programs aimed at providing individuals for reinforcements are often implemented at
a late stage, when populations have already suffered significant losses (notably due to the costs
associated with these programs), and that this has a major impact on the inbreeding and residual
genetic diversity of the founders of these programs, which in turn has a major impact on the

natural population reinforced, for a large number of generations.

The importance of models

We have used different types of theoretical models (demographic, quantitative genetics, popu-
lation genetics), which are sometimes simplistic in the assumptions they make, but which can
nevertheless allow us to make some predictions for species of interest for which parameters are
known. Moreover, even models that do not explicitly make precise predictions are of interest for
planning, as they can help to identify parameters and sources of uncertainty in the implemen-
tation of assisted gene flow practices. For example, the model developed in Chapter 1 identifies

a trade-off that may arise during the lifetime of long-lived organisms such as trees when making
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predictions about optimal provenances for planting and shows that uncertainties about change
in climatic tolerance in the life of trees is critical to the implementation of assisted gene flow.
There are many ways to improve this model and make its predictions more realistic. First, we
could add costs for non-local provenances to incorporate the advantages that local provenance
might have over other provenances by being adapted to aspects of the environment other than
climate. Second, we use a stage-structured model, but an integral projection model may be more
appropriate given that trees are slow-growing species that do not have very distinct biological
stages. At the beginning of my PhD, we looked for published IPM models of temperate forest
trees that could allow us to parameterize an IPM, but the one we found used forest inventory
data (Kunstler et al. 2021) and started with individuals of size >10 cm, i.e., individuals that
had already lived several years, which would have meant missing the important early years for
climate tolerance.

In Chapter 1, we consider a single age- and stage-structured cohort growing in a warming
climate with no regeneration. Although we do not model climate warming in Chapter 2, we
complexify the previous framework by using an age- and size-structured IPM model that accounts
for both regeneration and evolving growth trajectories.

In Chapters 1 and 2, we were interested in the potential benefits of gene flow. Although we
modeled some costs in Chapter 2, with genetic load leading populations to extinction if there
were too much genetic variance on the trait, in Chapter 3 we wanted to investigate the direct
costs assisted gene flow can have on targeted populations, focusing on the swamping risks of a
portion of the genome following an introgression event. We were able to generalize conclusions
from previous models that used simulations (Harris et al. 2019; Kelly and Phillips 2019a; Smart
and Phillips 2023) and allow exploration beyond specific parameters (Chapter 3).

All models (Chapters 1, 2, and 3) help us to quantify thresholds at which excessive gene flow
could lead to deleterious consequences, such as introducing a genetic load (Lande and Shannon
1996), i.e., fewer well-adapted individuals than poorly-adapted individuals will result in fewer
individuals remaining in the cohort (Chapter 1), slow evolution or make rescue more difficult or

impossible (Chapter 2), or lead to genomic swamping of the target population (Chapter 3).
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Many uncertainties still surround these practices

Biodiversity management and conservation practices are already integrating climate change into
their transfer rules (e.g.,O’Neill et al. 2017), although most translocations are carried out in
response to existing climate change impacts rather than in anticipation of its effects (Diallo
et al. 2021). Many uncertainties remain regarding the outcomes and impacts of assisted gene
flow practices.

We find that there is a first layer of uncertainty about the outcomes of assisted gene flow
practices, which is related to the lack of knowledge of certain parameters, such as the change
in climatic tolerance over the lifespan (Chapter 1), the selection coefficient of the beneficial al-
lele, the size of the genome map (Chapter 3), genetic variance and covariance of adaptive traits
(Chapter 2). Then there is a second layer of uncertainty related to the intrinsic stochasticity of
the processes we study, with (i) the stochasticity of environmental change and (ii) the stochas-
ticity of evolutionary processes e.g., the beneficial allele may be randomly lost. We find that
this uncertainty is amplified by trade-offs in the life cycle (Chapter 1), but can be reduced in
some extent by diversity, as exemplified by the planting of diversified cohorts in Chapter 1.

Although our results suggest that substantial benefits are possible from the implementation
of assisted gene flow, these benefits are sometimes very small (Chapter 1). Empirical studies
show that increasing gene flow in small inbred populations can stimulate genetic rescue (Johnson
et al. 2010; Madsen et al. 2004; Vila et al. 2003) but that some negative effects of outbreeding
can appear after a few generations (e.g., Hedrick et al. 2014). This supports the need for long-
term studies to evaluate the success of these practices. Retrospective evidence that assisted gene
flow can be an effective mean to accelerate population adaptation to climate change is, however,
scarce (Breed et al. 2018; Young et al. 2020). Tools like the TransLoc database are, therefore,
valuable to keep track of animal and plant translocations (Colas and Sarrazin 2017).

Our models in Chapters 1 and 2 suppose that we have identified source populations or
genotypes that have high fitness in future climates. In reality, however, we lack information about
the best sources of genetic material for AGF. Similarity between historical and future climates
is often proposed as a selection criterion, but this strategy does not work if climate change
has already decoupled populations from the climate to which they were historically adapted
(Browne et al. 2019). Genomic offset is a method for predicting adaptation from genomic data,

but information on population dynamics and fitness to validate this new approach is still very
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scarce (Chen et al. 2022; Rellstab et al. 2021). In addition, for endemic species with a very
small range and very small populations, there may not be enough variance to reach the critical
variance that would save the population.

We only modeled a changing climate in Chapter 1, while in Chapters 2 and 3 we considered
adaptation to an already deteriorated but constant environment, as typical in some models
of evolutionary rescue (e.g., Orr and Unckless 2014). Overall, however, recommendations for
optimal assisted gene flow strategies are likely to be affected by climate change. First, it may
affect the timing and number of individuals to be introduced. Favoring earlier introductions
while populations are still large (Smart and Phillips 2023), and fewer migrants, which may not
be possible, if the optimal number is already to introduce only one individual. A trade-off could
also arise if climate changes during the lifetime of individuals, as the alleles that confer good
adaptation may vary between the beginning and end of an individual’s lifetime.

Questions also remain about the optimal frequency of migration events. On the one hand,
to maintain the long-term viability of populations, it may be necessary to repeat gene flow on a
regular basis to prevent inbreeding from increasing and stimulate population growth (Akesson
et al. 2022; Harrisson et al. 2016). On the other hand, too much gene flow can be deleterious
(genomic swamping, genetic load), so this balance must be taken into account when planning
these strategies. In Chapter 1, we simulate the persistence of a single cohort of trees of the
same species, with no local regeneration. In reality, regeneration from local trees does occur
spontaneously, even in the case of clear-cut plantations such as those found in Canada (Harvey
and Bergeron 1989).

As we have seen, assisted gene flow can have beneficial effects (evolutionary rescue, adap-
tation to climate change) as well as detrimental effects (swamping, invasion, introduction of
deleterious alleles or diseases), all of which are largely unpredictable due to the inherent un-
certainty surrounding both the climate change trajectory that will occur and the evolutionary
response of populations to gene flow. Uncertainty is therefore a critical consideration for the
design of practical interventions in natural environments when using predictive models (Maris
et al. 2018). There is also no clear answer to the question of what state conservation practices
should restore or adapt populations and ecosystems to (Robert 2024), nor to the much debated
question of if species should be prioritized (Bottrill et al. 2008) or not (Pimm 2000).

Underlying, however, is an ethical, even philosophical question (e.g., Aubin et al. 2011,

Filbee-Dexter and Smajdor 2019): Should we try to manage natural populations or let them
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adapt themselves, at the risk of extinction?
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Appendix C: The necessity of considering founder kinships in con-

servation breeding programs (publication from Master’s thesis)

During my Masters I contributed to the conceptualisation and development of the methodology
of the following study. In particular, I coded and interpreted the theoretical analyses and wrote
the Master’s thesis. I also participated in the process of writing and reviewing the manuscript.

This study combines a simulation framework with empirical pedigrees to investigate the
consequences of the “founders assumption” for the genetic management of conservation breeding
programs. This assumption consist in assuming that the founders of these programs are neither
inbred nor related. In reality, these genetic relationships are unknown, and as these programs are
usually established for highly endangered populations, this assumption is potentially erroneous.
We used computer simulations of theoretical wild and captive populations to investigate the
magnitude of the bias associated with this assumption, as well as various factors influencing
this bias. In a second step, we replaced theoretical captive population pedigrees with real
conservation breeding pedigrees for six species of conservation concern. Finally, we estimated
molecular-based kinship among founders of a large captive population in one of these species to
refine the pedigree analysis by including true founder kinship as an alternative to the founder

assumption.
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Introduction

Abstract

Conservation breeding programs pursue the double objective of preserving genetic
diversity and producing individuals to support in situ conservation measures.
Genetic management and monitoring are commonly based on pedigree analyses
and are therefore dependent on the pedigree quality and the underlying assumption
that founders of the captive population are neither inbred nor related to each other
or to the captive population. Should founders be related, this assumption may lead
to an overestimation of genetic diversity and an underestimation of inbreeding in
captivity. In this study, we examined the effects of the founder assumption on esti-
mates of genetic diversity by combining three approaches: (1) computer simulations
of pedigrees of theoretical captive populations and their associated in situ source
populations, (2) analysis of pedigrees of real conservation breeding programs and
(3) microsatellite-based computation of kinship among founders from a captive
population of houbara bustard. The theoretical approach revealed that the captive
population’s average mean kinship Mk increases linearly with founder average Mk.
The bias in Mk due to the founder assumption was strongly related to the effective
size of the source population and to pedigree quality while remaining critical after
25 generations of captivity. Results based on real populations were consistent with
theoretical ones and confirmed the overestimation of genetic diversity in captive
populations. Overall, our results indicate that under situations classically encoun-
tered in conservation breeding programs (e.g. small and isolated source population,
incomplete pedigrees), estimates of genetic diversity are potentially highly overesti-
mated, challenging the genetic management of captive populations of species of
conservation concern.

maximize the maintenance of genetic diversity in captivity
(Ballou, 1992; Ralls & Ballou, 2013). These aims are not

Following the ongoing biodiversity crisis (Ceballos, Ehrlich
& Dirzo, 2017), the combination of both in and ex situ con-
servation actions are necessary to save many species from
extinction (IUCN SSC, 2013). In 2011, about 15% of threat-
ened species (i.e. 691 species) were subjected to conserva-
tion breeding programs (Conde et al., 2011). In animals,
such programs are often under the guidance of regional or
global organizations and managed through studbooks to opti-
mize the conservation of the species. The objective of many
conservation breeding programs is to produce sufficient indi-
viduals to support in situ conservation measures to save spe-
cies from extinction in the wild (JUCN, 2014), with an
emphasis on reintroductions (Fischer & Lindenmayer, 2000).
Simultaneously, conservation breeding programs have to
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independent since potential genetic changes associated with
captivity can have deleterious effects on the dynamics and
viability of restored populations (Lynch & O’Hely, 2001;
Ford, 2002; Robert, 2009) and thus on the very success of
programs (Robert et al., 2015). Therefore, strict genetic man-
agement is required to minimize risks of genetic changes in
captivity such as inbreeding, genetic drift or adaptation to
captivity (Lacy, 1987; Frankham, 2008). Genetic manage-
ment is usually based on the concept of kinship calculated
from pedigree analyses and defined as the probability that
two alleles of the same gene, randomly drawn from two
individuals are identical by descent (Ballou & Lacy, 1995).
The average kinship between an individual and the whole
population including itself defines its mean kinship.
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Although mean kinship and genetic diversity are not always
negatively correlated, both empirical (Montgomery et al.,
1997; Wisely, McDonald & Buskirk, 2003; Rabier et al.,
2020) and simulation studies (Ballou & Lacy, 1995; Ivy &
Lacy, 2012) have shown that minimizing mean kinship by
mating individuals with the lowest value (i.e. individuals
least related to the whole captive population) is an effective
strategy to maximize the maintenance of genetic diversity.
This approach focuses on minimizing the loss of genetic
variation relative to the founding population’s genetic diver-
sity, which depends on the number of founders but also on
their kinship and individual inbreeding. Inference of
pedigree-based mean kinship is based on defining founders
as neither inbred nor related to each other or to the captive
population, except to their own descent (Lacy, 1989). In
absence of information on relationships among individuals, it
is assumed that these fit the definition of founders (hereafter,
the founder assumption; Ruiz-Lopez et al, 2009; Hogg
et al., 2019).

This assumption is probably erroneous, as in many cases,
conservation breeding programs are implemented to answer a
conservation need to avoid global extinction of a threatened
species or boosting the dynamics of small declining popula-
tions through relocations (McGowan, Traylor-Holzer & Leus,
2017). As these programs are typically established from
small, relict or fragmented in situ populations (Jones et al.,
2002), they are likely to already exhibit a loss of genetic
diversity and increased inbreeding, as a consequence of iso-
lation and temporary or long-term reduced population size
(Spielman, Brook & Frankham, 2004; Ruiz-Lopez et al.,
2009; Hammerly, Morrow & Johnson, 2013). Furthermore,
there are two situations where the founder assumption is
likely to be erroneous. The first concerns programs where
founders are regularly collected from the same in situ popu-
lations; a practice that is encouraged to minimize both the
risk of adaptation to captivity and genetic drift (Lacy, 1987,
Conway, 1995). Here, founders newly collected are likely to
be related to those initially collected. In addition, when the
in situ population is reinforced by captive-bred individuals, a
genetic dependence between captive and in situ populations
is expected through the two-way gene flow and newly col-
lected founders are likely to be genetically related to the cap-
tive population. The second situation is that of programs
involving captive-bred individuals of unknown ancestry (i.e.
individuals for which parents are unknown due to pedigree
uncertainty). In most analytical frameworks, such individuals
are assumed to be outbred and unrelated to the captive popu-
lation even if they are not founders, which brings the same
potentially erroneous assumption (Russello & Amato, 2004).

Loss of genetic variation and inbreeding are cumulative
processes (Ewing et al., 2008; Biebach & Keller, 2010).
While limiting the loss of genetic variation relative to the
founding population is crucial for conservation breeding pro-
grams, it is necessary to investigate the actual genetic state
of the captive population and its potential consequences on
population viability, dynamics and evolutionary resilience.
Ignoring true founder relationships in genetic management
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may lead to an overestimation of genetic diversity and an
underestimation of inbreeding (Rudnick & Lacy, 2008). As
an alternative, it is possible to estimate founder kinships
through molecular genetics and integrate the results into
pedigree analyses (Russello & Amato, 2004; Ivy et al.,
2009).

Here, we aimed to assess and quantify the effects and
implications of the founder assumption on pedigree analyses
and the genetic management of conservation breeding pro-
grams. Our analyses rely on a combination of theoretical
pedigree simulations, the use of real pedigrees of six species
subject to conservation breeding programs and molecular
estimation of founder kinship in a large captive population
in one of these species. Within the theoretical approach, we
simulated the pedigree of an ideal in situ source population
from which founders were randomly drawn to establish a
focal captive population. Pedigree analysis of this theoretical
captive population was then conducted by considering either
the true genetic relationships among founders or by consider-
ing that they were unrelated and outbred (i.e. the founder
assumption). The magnitude of the error induced by the
founder assumption was examined as a function of various
genetic and demographic parameters (i.e. effective size of the
source population, number of founders of the captive popula-
tion, effective size of the captive population and percentage
of pedigree known). Secondly, we replaced theoretical cap-
tive populations with real populations of six species subject
to a conservation breeding program and performed the same
analyses. Finally, we used 19 microsatellite loci to produce a
molecular-based kinship matrix between founders of a cap-
tive population of North-African houbara bustard (Chlamydo-
tis undulata undulata, Jacquin 1784) to compare pedigree
analyses with and without its inclusion.

From a theoretical point of view, our first main general
expectation was that the average mean kinship of the captive
population was positively related to the founder average kin-
ship, even after several generations of captive breeding.
Thus, we expected that the founder assumption will lead to
an underestimation of the true mean kinship of the captive
population when founders were related. Because founders
collected within a small source population are likely to be
more related than founders from a large population, we also
expected that the magnitude of the bias associated with the
founder assumption (i.e. the difference between the true
mean kinship of the captive population and mean kinship
estimated under the founder assumption) will increase when
the effective size of the source population decreases.

Our second general prediction concerned the effect of
pedigree quality (i.e. the proportion of individuals with
known parents). Given that individuals with unknown par-
ents are considered outbred and unrelated to the captive pop-
ulation in pedigree-based genetic assessments, our prediction
was that the captive population’s mean kinship would be
more underestimated in low-quality pedigrees. Thus, in both
theoretical and real captive populations, we predicted that
the biases related to pedigree quality and founder assumption
added up.

Animal Conservation ee (2022) ee—ee © 2022 Zoological Society of London.
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Material and methods

Simulation model and theoretical
parameters.

Model structure

The principle of the model was first to simulate an ideal
source population (i.e. panmictic, closed, constant size and
non-overlapping generations). All founders of the source pop-
ulations were created as neither related nor inbred and of gen-
eration 0. After 25 generations, individuals were randomly
drawn to create a captive population (hereafter, these founders
of the captive population are referred to as the founders).
Captive populations were simulated the same way as the
source one over 25 generations. For both populations, we
used the function simulpedigree of the package synbreed
0.12-9 (Wimmer et al., 2012) in R 3.5.1 (R Core Team,
2019) to perform random mating at each generation. Since
there was no overlapping generation, a generation corre-
sponded to a reproduction event (i.e. the generation of an
individual was the average generation of its parents plus one).
We used the following input to parameterize the models:
effective size of the source population (Ne,), number of foun-
ders of the captive population (Ny), effective size of the cap-
tive population (Ne.) and percentage of pedigree known (Pk),
which was computed as the proportion of individuals with
known ancestry in the pedigree (see below). In addition, a
gene drop was simulated whereby two unique alleles of one
locus were assigned to each founder of the source population
and offspring genotypes were generated following the princi-
ples of Mendelian segregation, assuming the absence of muta-
tion and equal fertility capacity of alleles (MacCluer et al.,
1986). Gene drop function allowed generating the genotype
of the founders of the captive population using two methods:
(1) the genotype of each founder corresponded to its true
genotype obtained from the gene drop applied on the source
population or (2) two new unique alleles were attributed to
each founder. Method 1 allowed considering true founder
relationships while method 2 allowed simulating a gene drop
under the founder assumption. The diagram of the simulation
model is presented in Supporting Information Appendix S1.
R script used for the simulations of the source and captive
populations can be found at https://github.com/R-script/The-
necessity-of-considering-founders-kinship-in-conservation-
breeding-programs/blob/059db918039d64e33fda6fdb1{39812
194a41051/simulped.R

Pedigree analysis

We used the function ped/BD of the R package optiSel 2.0.2
(Wellmann, 2018) to perform pedigree analyses and compute
the kinship. Kinship computations among captive individuals
were either based on true founder kinships or under the
founder assumption. Kinships were averaged to compute
individual mean kinship (Mk). Individuals with unknown
parents were considered as individuals of generation O,
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outbred and not related to other captive individuals
(Mk = 0). Homozygosity was based on gene drop and com-
puted as the proportion of homozygotes. Pedigree analyses
were performed at generations 5 and 25. We computed the
captive population’s average mean kinship (average Mk) as
the average mean kinship of captive individuals at a given
generation, and we computed the founder average mean kin-
ship (founder average Mk) as the average mean kinship of
the founders of the captive population. To quantify the bias
associated with the founder assumption, we computed the
difference between average Mk under the assumption that all
founders are unrelated (i.e. founder assumption) and average
Mk when including the matrix of founder kinships within
pedigree analyses (AMk). To capture the effect of pedigree
quality on the estimation of average Mk, we computed two
types of bias in incomplete theoretical pedigrees. The first
one (AMk1) was the bias in average Mk due to the founder
assumption for a specific percentage of pedigree known and
the second one (AMk2) was the bias in average Mk due to
both the founder assumption and pedigree quality (see Sup-
porting Information Appendix S2 for detailed computation
methods of AMk1 and AMK2).

Model parameters

We used this simulation model to examine the influence of
several parameters on the magnitude of AMk, by varying the
input parameters described above: Nes, N Ne. and Pk. We
tested 25 scenarios corresponding to combinations of these
parameters (Table 1). For each scenario, the whole process
(i.e. simulations of source and captive populations) was
repeated 500 times and averaged results were computed.

Model validation

Model validation (Supporting Information Appendix S3) was
based on the comparison of three inbreeding estimators: the
pedigree-based individual inbreeding coefficient (pedinbreed-
ing function of the package optiSel), the gene drop-based
homozygosity and the population inbreeding coefficient com-
puted according to the Wright’s theoretical formula (Wright,
1969) which predicts that under genetic drift, the increase in
inbreeding level per generation is equal to 1/2Ne, where Ne
is the effective population size.

Table 1 Input parameters of the model used to simulate
theoretical populations

Parameters Values

Source population
Number of generations 25

Effective population size Neg 30, 100, 1,000
Captive population
Number of founders N¢ 5, 30, 100

Number of generations 25
Effective population size Ne. 20, 50, 250, 1,000
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Real populations

Alternatively to theoretical pedigrees of captive populations,
we used real pedigrees of six populations of species that are
subject to conservation breeding programs: the binturong
(Arctictis binturong, Raffles 1821), the gaur (Bos gaurus,
Hamilton Smith 1827), the European otter (Lutra lutra, Lin-
naeus 1758), the Arabian oryx (Oryx leucorix, Pallas 1777),
the African houbara bustard (C. u. undulata, Jacquin 1784;
hereafter, African houbara) and the Asian houbara bustard
(Chlamydotis macqueenii, Gray 1832; hereafter, Asian hou-
bara). Due to incomplete knowledge of the global pedigree
of the oryx, along with discrepancies in pedigree records
quality between both Middle East and European pedigrees,
we performed analyses at the European level (oryx EU) and
at the global level (oryx WORLD). Pedigrees are described
in Supporting Information Appendix S4 and species are
described in Supporting Information Appendix S5. Since the
founder kinships of these captive populations were not avail-
able, we used our simulation model to simulate their source
populations (with the same model and protocol as for the
theoretical analysis). A single founding event was consid-
ered, and founders were drawn in the simulated source popu-
lation with a number Ny derived from real pedigree records.
We compared theoretical and real pedigrees at generation 5
since the maximum number of generations of the real pro-
grams ranged from 5 to 7 (Supporting Information
Appendix S4). To study the effect of Pk in real pedigrees,
we could only compute the bias associated with the founder
assumption (AMKk1) since genetic relationships of individuals
of unknown parents with the rest of the captive population
remained unknown.

Molecular analysis in African houbara

Microsatellite genotyping

We used 19 microsatellite markers to produce a kinship
matrix between founders of a captive population of African
houbara. The genotyping of 19 microsatellite loci, that is
A10, A18, A205, A106, All3a. A120, A208, A21, A210,
A29, A2, CAM-04, CAM-07, CAM-19, D117, D118, D119,
Otmic27, Otmic38 (Chbel et al., 2002; Pitra et al., 2004),
was performed by Genoscreen (Lille, France) following con-
ditions described in (Lesobre et al., 2010a).

Molecular-based founder kinship

CERVUS 3.0.7 (Kalinowski, Taper & Marshall, 2007) was
used to check that the null allele rate of microsatellites was
below 0.1, the lack of linkage disequilibrium as well as the
Hardy—Weinberg equilibrium of each locus. Microsatellite
data were used to compute the founder kinships of the 2018
captive population of African houbara (Supporting Informa-
tion Appendix S6). We also computed kinships among 99
wild individuals sampled within the in situ population of
African houbara. To select the most appropriate kinship esti-
mator, we compared 7 estimators of relatedness and 1
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estimator of kinship following the protocol described in
(Lesobre et al., 2010b). We selected the kinship estimator of
Loiselle (Loiselle et al., 1995) that was computed with SPA-
GEDI 1.5 (Hardy & Vekemans, 2002) and whose negative
values were set to 0. Details of the selection of the estima-
tors can be found in Supporting Information Appendix S7.

Pedigree analyses

Analysis of the pedigree of the 2018 captive population of
African houbara was performed as described above (function
pedIBD of the R package optiSel 2.0.2) but under four sce-
narios defining the founder kinships matrix:

1 Classic: all founders were assumed to be unrelated (foun-
der assumption) and no founder kinships matrix was
included in pedigree analyses.

2 Pseudo-founders: most founders were considered unrelated
(founder assumption), except those known to have been
collected within the same nest or laid by the same female,
which was considered full sibs. A kinship matrix including
a kinship of 0.25 between these related founders was
included in pedigree analyses.

3 Molecular-kinship: a founder kinships matrix was com-
puted using molecular estimates of Loiselle’s kinship. This
kinship matrix was included in pedigree analyses.

4 Simulated-kinship: founders were drawn from a simulated
source population of relatively large effective size
(Nes = 1000), based on estimates of in situ population size
at the beginning of the program (N =~ 10 000 individuals;
Goriup, 1997) and the ratio Ne/N compiled by several
extensive studies (Frankham, 1995; Palstra & Ruzzante,
2008). The pedigree-based founder kinships matrix was
included in pedigree analyses following 500 iterative com-
putations and the captive population average Mk was esti-
mated over these iterations.

Significances of average Mk computed according to each sce-
nario were tested with a Student’s t-test while differences
between scenarios were tested with a one-factor analysis of
variance (ANOVA) including the scenario as factor and a fol-
lowing post hoc test of Tukey. All statistics were performed
in R 3.5.1 (R Core Team, 2019).

Results

Theoretical and real pedigrees

Considering that results computed from gene drop and those
computed from pedigree analyses were consistent, we only
present the results of pedigree analyses (see Supporting
Information Appendix S8 for gene drop results).

We performed the first set of simulations assuming that
the percentage of pedigree known was 100% (i.e. in this
case, AMk = AMkl = AMk2). The captive population’s
average mean kinship increased linearly with founder aver-
age mean kinships in both theoretical (Fig. la and b) and
real pedigrees (Fig. lc), regardless of the scenario and the
generation number. After five generations, results computed

Animal Conservation ee (2022) ee—ee © 2022 Zoological Society of London.
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(a) Theoretical pedigrees (Generation = 5)
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(b) Theoretical pedigrees (Generation = 25)
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Figure 1 Increase in captive population average mean kinship Mk according to average founder mean kinships Mk in theoretical pedigrees
at generation 5 (a) and 25 (b), and in real pedigrees (c). Each point represents an iteration. Neg: effective size of the source population.

on theoretical and real pedigrees (Fig. la and c, respectively)
exhibited similar ranges of variation and slopes. By genera-
tion 25, average Mk reached higher values and variation
between iterations increased (Fig. la and b). Note that the
vertical grouping of points in Fig. la and b was due to vari-
ations in other parameters (i.e. Ny and Ne.; Supporting Infor-
mation Appendix S9). Bias in the estimations of average Mk
due to the founder assumption (AMk) decreased with the
effective size of the source population (Neg) in theoretical
pedigrees at generations 5 and 25. The magnitude of this
bias reached substantial values when the captive population
was founded from small source one (0.12 < AMk < 0.37
when Neg = 30; Fig. 2a). Qualitatively, similar results were
obtained with real pedigrees, which also showed a predomi-
nant effect of the effective size of the source population on
the magnitude of the bias (Fig. 2b).

In theoretical pedigrees, AMk was weakly affected by the
number of founders (Fig. 2c) or the effective size of the cap-
tive population (Fig. 2¢). In contrast, in real pedigrees
(Fig. 2d and 2f), AMk seemed to be affected by the number
of founders (e.g. average AMk =~ 0.09 for 18 < N;<28
while AMk ~ 0.01 for 39 > Ny) and effective size of the
captive population.

Secondarily, we considered various proportions of pedi-
gree known. We computed both the bias in average Mk due
to the founder assumption (AMk1) for a certain level of
pedigree known and the overall bias in average Mk due to
both the founder assumption and pedigree uncertainty
(AMK2). In these simulations, AMk] increased linearly with
the proportion of pedigree known (Fig. 3a and b) while
AMK?2 decreased (Fig. 3c and d). This was especially true
when the captive population was founded from a small
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source population. Shifts in AMk1 were weaker at generation
25 than at generation 5 (Fig. 3a and b). The range of varia-
tion in AMk2 was higher at generation 25 than at generation
5 (Fig. 3c and d).!for AMKkI1, this trend was also found in
real pedigrees, although the slope was smaller (i.e. increase
from 0 to about 0.012; Fig. 4).

Molecular analysis in African houbara

With the Classic scenario, average Mk was 0.007 (¢ = 205.4,
d.f. = 8630, Pvalue <0.001; 95% CI: 0.006-0.007), while it
was 0.035 (¢t = 684.3, d.f. = 8630, Pvalue <0.001; 95% CI:
0.035-0.035) with the scenario Molecular-kinship, 0.007
(t=244.7, d.f. =8630, Pvalue <0.001; 95% CI. 0.007-
0.007) with the scenario Pseudo-founders and 0.017
(t=531.6, d.f. =8630, Pvalue <0.001; 95% CI. 0.017-
0.017) with the scenario Simulated-kinship (Fig. 5). Differ-
ences in average Mk between all pairs of scenarios were all
significant (see Supporting Information Appendix S10). The
molecular-based founder average Mk was 0.033 (# = 109.05,
d.f. =257, Pvalue <0.001; 95% CI: 0.033-0.034). The
molecular-based average Mk among the 99 wild houbara
was 0.042 (¢ =2791, d.f. =97, Pvalue <0.001; 95% CI:
0.039-0.045).

Discussion

In agreement with previous works (Ballou & Lacy, 1995;
Jiménez-Mena et al., 2016), our study indicates that the
widespread founder assumption, according to which founders
harvested to constitute the initial captive population are unre-
lated and outbred, generates the risk of biasing the genetic
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Figure 2 Bias in the estimation of captive population average mean kinship due to the founder assumption (AMk) in theoretical (a, c, e) and
real pedigrees (b, d, f), according to the effective size of the source population Neg (a, b), the number of founders N; (c, d) and the effective
size of the captive population Ne. (e, f). AMk was not computed for each value of Neg for the seven real pedigrees since, Neg was con-
strained by true N¢ (e.g. the pedigree of the binturong included N; = 39 founders so the effective size of the source population could not be

Nes = 30 but only Nes = 100 or Neg = 1000).
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Figure 3 Bias in the estimation of captive population average mean kinship in theoretical pedigrees at generations 5 and 25, (a, b) due to
the founder assumption for a certain percentage of pedigree known (excluding the bias due to pedigree uncertainty; AMk1), and (c, d) due
to both the founder assumption and the pedigree uncertainty (AMk2). Pk, percentage of pedigree known.

monitoring of the captive population. Our theoretical analysis
confirmed that the average mean kinship of the captive pop-
ulation is positively related to the average mean kinship of

the founder, even after 25 generations of captive breeding,
which leads to an underestimation of the captive population’s
true mean kinship, especially when founders come from

Animal Conservation ee (2022) ee—ee © 2022 Zoological Society of London.



R. Rabier et al.

Real pedigrees
Species

african houbara
asian houbara
- binturong
gaur
- oryx EU
- oryx WORLD
o otter }

0.015+1

0.0101

AMK1
—e—i

0.0051

0.000+ .

25 50 75 100
Pk

Figure 4 Bias in the estimation of captive population average mean
kinship in real pedigrees, due to the founder assumption for a cer-
tain percentage of pedigree known (excluding the bias due to pedi-
gree uncertainty; AMk1). Pk, percentage of pedigree known.

small source populations. Our analysis of real pedigrees was
consistent with theoretical results and confirmed a potential
overestimation of genetic diversity in captive populations,
although results were strongly affected by the quality of
these pedigrees. As expected, we found that a high propor-
tion of individuals with unknown parents in the pedigree
leads to an overestimation of genetic diversity (as the foun-
der assumption does) and that the biases related to the pedi-
gree quality and founder assumption are approximately
additive.

Short- and long-term consequences of the
founder assumption on genetic monitoring

Our analyses were conducted after 5 generations in captivity,
to fit with widespread situations of conservation breeding
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programs, where the number of generations is kept low to
minimize the risks of adaptation to captivity (Williams &
Hoffman, 2009; Schafer & Reiners, 2017), and after 25 gen-
erations, to approach the long-term goal of maintaining at
least 90% of the initial genetic diversity (Soulé et al., 1986).
Our results indicated that, regardless of the number of gener-
ations (i.e. 5 or 25), the average mean kinship of the captive
populations increases linearly with the founder kinships and
that the bias due to the founder assumption is crucially
related to the effective size of the source population. The
impact of the effective size of the source population is
explained by the characteristics of the source population that
dictates founder kinships since a decrease in its size, associ-
ated with the closed nature of the theoretical source popula-
tion, will lead to an increased probability of drawing two
related founders. Increases in the average mean kinship of
captive populations when accounting for founder kinships is
expected to be larger when these are founded from small
in situ populations (Rudnick & Lacy, 2008). Short-term
results (at generation 5) echo a simulation study conducted
by Rudnick & Lacy (2008) and an empirical one conducted
by Schafer & Reiners (2017) in a captive population of
Nepalese red panda Ailurus f. filgens. Both found that under
realistic scenarios defining founder kinships, the founder
assumption had an early strong effect on inbreeding level
and loss of genetic diversity. However, both studies high-
lighted that the effects of considering true founder kinships
rapidly decreased and reached stability after 5, for Rudnick
& Lacy (2008), or 4 generations for Schafer & Rein-
ers (2017). In contrast, our theoretical results did not high-
light a decrease in the effects of the founder assumption
with generations. This discrepancy might partly be due to
differences in simulated and actual captive population man-
agement. Both the simulated populations created by Rudnick
& Lacy (2008) and the captive one of red panda studied by
Schafer & Reiners (2017) were managed to minimize the
mean kinship in the population. Here, we simulated captive
populations with random mating, therefore without any kind
of genetic management. This suggests that strategy aiming at
minimizing mean kinship can limit the medium- and long-
term negative bias associated with the founder assumption.

T

classic

molecular-kinship
Scenario

pseudo-founders simulated-kinship

Figure 5 Captive population average mean kinship Mk of the 2018 captive population of African houbara computed according to four scenar-
ios defining how founders were considered (i.e. unrelated, molecular-based kinship, founders of the same nest considered full sibs and or

simulation-based kinship).
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Pedigree uncertainty increases bias in
estimates of the captive populations’
genetic diversity

With incomplete pedigrees, we measured biases associated
with the founder assumption in two ways. The first one was
only due to the founder assumption without accounting for
the true genetic relationships between individuals of
unknown parents and the rest of the captive population
(AMKk1), while the second one was due to both the founder
assumption and the genetic relationships between individuals
of unknown parents and the rest of the captive population
(AMKk2), which provides a measure of the overall bias in the
estimation of the average mean kinship of captive popula-
tions. Our results indicate that pedigree quality (i.e. the pro-
portion of captive individuals with known parents) has
opposite effects on the indicators AMkl and AMk2. On one
hand, AMKkI1 increases with the proportion of pedigree
known (Fig. 3a and b). Indeed, in bad quality pedigrees,
most of the bias in the captive population Mk is caused by
the presence of a large proportion of individuals with
unknown parents, which are assumed to be outbred and
unrelated to the rest of the captive population (Russello &
Amato, 2004). In these cases, if the bias is measured consid-
ering only the kinships of founders (AMk1), it is underesti-
mated in comparison to a good quality pedigree. On the
other hand, AMk2 decreases with the proportion of pedigree
known (Fig. 3c and d), which reflects that the overall bias
not only increases with the initial kinship of the founders
but also when pedigree uncertainty rises, and that these two
effects add up. Thus, pedigrees of poor quality and where
founders are likely to be strongly related present a higher
risk of strong underestimation of the average mean kinship
of captive populations.

Founder assumption is likely to be
erroneous

Conservation breeding programs are a response to the global
loss of biodiversity, whose agendas are constrained by the
adverse conservation status of species (McGowan, Traylor-
Holzer & Leus, 2017). More than 15 years ago, a study
found that, in 170 threatened taxa, average heterozygosity
was lower than in related non-threatened taxa in 77% of the
comparisons (Spielman, Brook & Frankham, 2004). Thus,
many in situ relict populations of threatened species already
suffer from genetic problems impairing their fitness and evo-
lutionary resilience (Ruiz-Lopez et al., 2009; Hammerly,
Morrow & Johnson, 2013). This is consistent with a popula-
tion size threshold value of N = 1000 or less defined by the
International Union for Conservation of Nature for the classi-
fication of a species as vulnerable in the Red List (IUCN,
2012). This size corresponds to effective population sizes
ranging from Ne = 100 to Ne = 200 according to the ratio
Ne/N compiled by several studies (Frankham, 1995; Palstra
& Ruzzante, 2008). This also corresponds to intermediate
values of the effective size of the source population analyzed
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in our simulation model (Table 1). Examples of captive pop-
ulations founded from small in situ populations are numer-
ous, such as the whooping crane Grus americana founded
with 88 individuals collected within an in situ population
that had suffered a sharp bottleneck (Jones et al., 2002) or
the black-lion-tamarin Leontopithecus chrysopygus founded
with 35 individuals within an in situ population of about
200 individuals (Ayala-Burbano et al., 2020). Founders col-
lected in such populations are unlikely to be unrelated and
outbred.

To investigate relationships among founders of conservation
breeding programs, the use of molecular-based metrics has
been proposed, for example Haig, Ballou & Casna (1994) in
the Guam rail Rallus owstoni, Gautschi et al. (2003) in the
bearded vulture Gypaetus barbatus and Jones et al. (2002) in
the whooping crane Grus americana. Among the 50 founders
of a captive population of Iberian lynx Lynx pardinus, an aver-
age relatedness of 0.1 (i.e. kinship of 0.05) was found
(Kleinman-Ruiz et al., 2019). While molecular-based metrics
can deeply improve the understanding of the population-
relatedness structure (Russello & Amato, 2004; Kleinman-Ruiz
et al., 2019), there is no consensus when it comes to incorpo-
rate them in pedigree analyses (Ivy et al., 2009). Indeed,
molecular- and pedigree-based estimates of genetic diversity
rely on different concepts (Balloux, Amos & Coulson, 2004;
Slate et al., 2004; Rabier et al., 2020). Like pedigrees, molecu-
lar estimates are associated with uncertainties and biases
related to the variation among kinship estimators or character-
istics of markers (e.g. type, number, variability; Gautschi et al.,
2003).

In the captive population of African houbara, molecular
analyses yielded an average molecular mean kinship of
0.033 among the 258 founders. This kinship level is con-
sistent with average value computed among 99 wild indi-
viduals sampled within in situ population of African
houbara (i.e. 0.042). The inclusion of molecular founder
kinships increased the captive population’s average mean
kinship from 0.007 (Classic scenario, i.e. founder assump-
tion scenario) to 0.035 after 5.05 generations of captive
breeding, confirming the underestimation of the average
mean kinship of the captive population when ignoring
founder kinships.

Founder assumption can have severe
consequences on captive and in situ
populations

Genetic monitoring and management of conservation breed-
ing programs rely on recommendations urging for the preser-
vation of the initial genetic diversity present in the founding
population (Soulé et al., 1986; Leus, Traylor-Holzer & Lacy,
2011; Ralls & Ballou, 2013). This comes from the fact that
(1) the actual genetic diversity of the founding population is
generally unknown; (ii) it is impossible to manipulate or
modify the initial genetic diversity, so the only purpose that
can be implemented in conservation breeding programs
focuses on preserving this initial genetic diversity. Our study

Animal Conservation ee (2022) ee—ee © 2022 Zoological Society of London.



R. Rabier et al.

suggests that when founders are genetically related, estimates
of the maintenance of the initial genetic diversity are not
strongly affected by the founder assumption, that is when
averaged on all scenarios, genetic diversity decreased by
0.17 between generation 0 and 25 under the founder assump-
tion and by 0.14 when including true founder kinships.
However, relying on the founder assumption does not allow
to correctly estimate the level of genetic diversity in cases
where founders are strongly related. For example, results
showed that under the founder assumption, in intermediate
cases with a captive population of 250 individuals founded
with 30 founders from a source population of 100, the esti-
mated average Mk was 0 at generation 0 (founding popula-
tion), 0.02 at generation 5 and 0.06 at generation 25. When
the founder assumption was relaxed and true founder kin-
ships included, these values were respectively 0.12, 0.13 and
0.17. Thus, levels of estimated mean kinship were radically
different depending on whether the founder assumption was
considered or not. This underestimation of average mean
kinship is associated with an underestimation of individual
inbreeding (Ivy et al., 2009; Hogg et al., 2019). For exam-
ple, in a captive population of Iberian lynx, inbreeding coef-
ficient highly increased from F <107 to F = 0.2 when
founder kinships were included (Kleinman-Ruiz et al.,
2019).

The ultimate goal of conservation breeding programs is
often to release individuals in situ through conservation
relocations (IUCN SSC, 2013). The viability of restored
populations is a cornerstone for the success of such restora-
tion programs (Robert et al., 2015) and it has been sug-
gested that reintroduction programs based on the release of
captive-bred individuals are generally less successful than
those based on the translocation of wild-bred individuals
(Griffith et al., 1989; Wolf et al., 1996; Fischer & Linden-
mayer, 2000; Jule, Leaver & Lea, 2008). A significant por-
tion of these differences arises from divergent experiences
between individuals born and raised in captivity compared
to those born and raise in the wild (e.g. exploratory behav-
ior, predator avoidance, resources usage). Additionally,
while, such reduction of fitness in restored populations may
be partly related to selective processes such as adaptation
to captivity (Frankham, 2008), it may also be explained by
reduced evolutionary resilience associated with accumulated
genetic drift and inbreeding loads during the captive phase
(Robert, 2009) or prior to the captive phase in cases of
founders already genetically related. In relation to the
inbreeding load, a previous meta-analysis showed that real-
istic levels of inbreeding depression (i.e. B = 12 diploid
lethal equivalents) significantly reduced the projected viabil-
ity of populations over a broad taxonomic range (i.e.
—37% in median time to extinction), compared with a
model without inbreeding depression (i.e. assuming B = 0;
O’Grady et al., 2006). However, to correctly estimate the
effect of this inbreeding depression in restored populations,
it is necessary to accurately estimate the level of inbreeding
of released individuals that combines the accumulation of
inbreeding in captivity but also the initial inbreeding of the
captive population.
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Conclusions

The success of conservation breeding programs is highly
dependent on the genetic state of individuals released to cre-
ate or supplement restored in situ populations. Our study
suggests that in certain conditions classically encountered in
conservation breeding programs founded from relict in situ
populations, ignoring true founder relationships can lead to
significant overestimation of genetic diversity and underesti-
mation of inbreeding, especially when founders are highly
related and collected within a small source population. One
option when founders are known to be related is to analyze
the costs and benefits associated with their inclusion or
exclusion in the breeding management (Willis & Wiese,
1993). For instance, keeping related founders is associated
with little loss of genetic diversity but increased risks of
inbreeding when there are many founders. On the contrary,
when there are few founders, the risk of excluding one foun-
der is to lose unique genetic material (Wilcken & Lees,
1998). Our simulation approach can also be used to estimate
the risks associated with a conservation breeding program
before starting it. This approach would provide vital insights
on the expected kinship level among founders and help man-
agers in providing recommendations on the size and compo-
sition of the required founding population. Furthermore,
since the effects of the founder assumption are crucially
related to the source population size, we argue that conserva-
tion breeding programs should be initiated as early as possi-
ble when an in situ population decline is identified (Pritchard
et al., 2012). It will allow minimizing the risks of collecting
related founders while sampling a large proportion of wild
genetic diversity. Furthermore, this approach will grant fur-
ther founder collections therefore limiting the risks of genetic
loss or adaptation to captivity (Rabier et al., 2020). An early
start of conservation breeding programs permits a combined
use of both in situ and ex situ conservation measures which
represents a more effective strategy than the use of only one
of these approaches (Redford, Jensen & Breheny, 2012).
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