
HAL Id: hal-04575070
https://hal.science/hal-04575070v2

Preprint submitted on 29 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Evolutionary rescue in a mixed beech-fir forest: insights
from a quantitative-genetics approach in a process-based

model
Louis Devresse, François de Coligny, Freya Way, Xavier Morin

To cite this version:
Louis Devresse, François de Coligny, Freya Way, Xavier Morin. Evolutionary rescue in a mixed
beech-fir forest: insights from a quantitative-genetics approach in a process-based model. 2024. �hal-
04575070v2�

https://hal.science/hal-04575070v2
https://hal.archives-ouvertes.fr


Evolutionary rescue in a mixed
beech-fir forest: insights from a
quantitative-genetics approach in a
process-based model
Louis Devresse1, François de Coligny2, Freya Way3,and Xavier Morin1
DOI not yet assigned
Abstract
Questions have been raised about the ability of long-lived organisms, such as trees, toadapt to rapid climate change, and towhat extent forestmanagement actions influencethe evolutionary responses of tree species. Given the life history of trees and the timescales involved, these questions are often addressed through modeling approaches.Yet, most of these works focus on single-species case studies. The main objective andoriginality of our work is to explore the evolutionary responses of tree species to cli-mate change using a process-based model, in a multi-species context. This approachallows us to investigate the conditions necessary for evolutionary rescue in a mixedbeech-fir forest. Additionally, we explored how adaptation measures, such as assistedgene flow and assisted migration affect the conditions for evolutionary rescue in thisforest. To achieve these objectives, we integrated a quantitative genetic module intoa process-based forest gap model, enabling species-specific parameters to evolve asquantitative traits under selective pressure and drift. Our results show that increasedtrait variability and heritability reduce the loss of forest cover following climatic warm-ing in the short term (over a century). We also found that assisted gene flow had the ex-pected effect of aiding species in tracking climate change. Finally, our study suggestedthat introducing new pre-adapted species into the forest could improve recovery afterclimate change but could also hinder the evolutionary rescue of local species. We con-clude that integrating evolutionary dynamics into process-based models significantlyenhances their predictive power by incorporating genetic adaptation scenarios thatwould otherwise be overlooked. This approach also allows to test eco-evolutionary hy-potheses and better understand the potential consequences of adaptation measuresto climate change for tree species.
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2 Louis Devresse et al.
Introduction2

There is growing concern about the viability of temperate forests in the coming years given3

the speed at which climatic conditions are anticipated to change (Dyderski et al., 2018; Wessely4

et al., 2024). At the global scale, a large number of forests have already experienced increased5

mortality induced by heat waves and extreme drought events related to climate change (Hart-6

mann et al., 2022). Among the emerging adaptation solutions to climate change, the promotion7

of species diversity and forest structure complexity is gaining ground, supported by a growing8

body of empirical evidence (Astigarraga et al., 2023; Hisano et al., 2018). More precisely, increas-9

ing evidence suggest that tree species diversity can stabilize forest growth in a changing climate10

- according to observations (Pardos et al., 2021) and modeling work (Morin et al., 2018) – and11

also buffer the impact of disturbances in communities (Silva Pedro et al., 2015). Increasing di-12

versity may as well raise the probability that a forest will contain species pre-adapted to future13

environments (sampling effect) (Loreau and Hector, 2001). However, forecasting the future of14

forest ecosystems and tree species over the coming centuries in a changing environment, neces-15

sarily requires consideration of their evolutionary dynamics. In fact, questions are being raised16

about potential for long living organisms such as trees to adapt to a rapid climate change (Al-17

berto et al., 2013). More precisely, to their possibility of experiencing an evolutionary rescue.18

The evolutionary rescue is defined by the recovery and persistence of a population through19

natural selection acting on heritable variation (Bell, 2017). Indeed, the prospect of the evolu-20

tionary rescue of tree species in the face of global warming is still largely unknown (Lefèvre et21

al., 2014). The same applies to how forest management measures may affect the evolutionary22

responses of tree species. In addition, evolution and species diversity can interact in complex23

ways, stressing the importance of taking eco-evolutionary feedback loops into account when24

studying the fate of forests. Specifically, in species-rich communities, certain species could be25

prevented from adapting to a new environment because of competitive exclusion from other26

pre-adapted species (Johansson, 2008; Price and Kirkpatrick, 2009; Thompson and Fronhofer,27

2019). This effect is even more important for rare species, for which a reduction in population28

size due to competition can have particularly harmful consequences on their adaptive capacity29

by increasing genetic drift (De Mazancourt et al., 2008; Eldijk et al., 2020). Lastly, the selection30

pressures exerted by interactions between species can act in the same or in the opposite direc-31

tions to those imposed by an environmental change, thus accompanying or hindering species32

adaptation (Osmond and Mazancourt, 2013).33

Given the difficulty of experimenting on mature forests and the long term perspective of cli-34

mate change impacts, these questions are frequently investigated throughmodeling approaches.35

Among these, process-based models (PBMs) have been particularly advocated recently. Building36

on the definition provided byMäkelä et al. (2000), we define PBMs as simplified representations37

of a system, characterized by functional components that interact with each other and with the38

environment through explicitly simulated physical and mechanistic processes over time. Com-39

pared to statistical or phenomenological models, PBMs should be more robust in predicting out-40

comes under unprecedented conditions, as they don’t need to extrapolate trends based on ob-41

served statistical relationships between variables (Cuddington et al., 2013). Indeed, PBMs have42

already been used to simulate, species range shifts (Keenan et al., 2011; Morin et al., 2008),43

changes in ecosystem productivity (Guillemot et al., 2017; Morin et al., 2018) and responses44
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Louis Devresse et al. 3
to drought events (Ruffault et al., 2022). However, the development of a PBMs often involves45

the addition of new functional components with their associated parameters and more equa-46

tions. PBMs development has therefore been limited by ecological knowledge to implement and47

parametrize new functions, as well as (but to a lesser extent) computing power and code archi-48

tecture. This is even truer for fine-scale models, such as individual based models that are used49

to simulate forest dynamics. Hence, these models are often parameterized for the same domi-50

nant species and focus mainly on monospecific and even-aged forests (see discussion in Morin51

et al., 2021). For many of the same reasons, evolutionary processes are still rarely implemented52

in PBMs, as it requires the simulation of new processes, such as the transmission of hereditary53

traits or alleles from parents to offspring. This involves parameters that are costly and difficult54

estimate in field studies such as the heritabilities and intraspecific variances of traits. As a result,55

most predictions of the future of tree species have been made using fixed responses, without56

incorporating evolutionary adaptation. However, authors who have incorporated evolution into57

forest PBMs have shown for example that species-specific parameters that are subjected to58

evolution can change significantly under the pressure of natural selection, after only two to six59

generations (Kramer et al., 2015; Oddou-Muratorio and Davi, 2014). Furthermore, Godineau et60

al. (2023) have shown that forest management practices such as early thinning can hinder adap-61

tation by substituting the self-thinning process, which naturally selects better-adapted allele62

combinations over time. Consequently, ignoring evolution can lead to inappropriate adaptation63

and mitigation measures and can lead to an overestimation of the negative consequences of64

climate change on forests (Gloy et al., 2023).65

However, studies that have integrated evolution into PBMs so far have limited their scope to66

monospecific and often even-aged forests. For this reason, here we propose a novel approach,67

which involves considering evolutionary dynamics in a multi-species context, in order to improve68

the robustness of PBM predictions over long time scales. Therefore, our preliminary objective69

was to develop an evolutionary module capable of simulating the evolution of species-specific70

parameters of a PBM through natural selection and drift in diverse and uneven-aged forests. For71

this, we have chosen the PBM ForCEEPS (see methods for a model description and Morin et al.,72

2021, 2020). We focused on three of its species specific parameters which were relevant regard-73

ing our following objectives (see below): intrinsic growth rate, tolerance to shade and tolerance74

to drought. In addition, our approach differs from those of Godineau et al. (2023), Kramer et al.75

(2015) and Oddou-Muratorio and Davi (2014) in that we considered overlapping generations in76

order to better represent unmanaged forests. These studies also used quantitative trait loci (QTL)77

to simulate phenotypic variation and heredity while we have opted for the infinitesimal model78

(Barton et al., 2017; Fisher, 1919) (see methods and limitations). To draw a parallel between79

these two genetic models, the QTL model assume that traits are governed by a finite number of80

loci of quantitative effect and their inheritance is explicitly modeled when reproduction occurs.81

In the infinitesimal model, however, the phenotypes of the offsprings are drawn in a Gaussian82

distribution around the average phenotype of two parents and this distribution is assumed to83

result from the contribution of a large number of genes with small and additive effects. Further-84

more, contrary to QTL approaches, the infinitesimal model does not explicitly model changes in85

allele frequencies in the population and implies simpler (and therefore faster) calculations, while86

retaining a certain genetic realism. This model is recommended by Romero-Mujalli et al. (2019)87

for more ecologically-focused models that wish to take account of species evolution.88
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4 Louis Devresse et al.
Species name Types Ss Hmaxs Amaxs gs DDMins WiTNs WiTXs Thots Tco2Hots DrTol s Ntols Brows ShTolSl s ShTols LQs AMs

Local species
Abies alba E5 75 50 366 350 841 -6 5 25 45 0.23 3 5 0.05 1 2 40
Fagus sylvatica D3 76 50 400 260 841 -6 9 22 45 0.25 2 3 0.05 1 2 45
Imported species
Quercus ilex E4 48 23 500 79 1121 0 14 26.5 45 0.45 1 1 0.1 5 2 30
Quercus petraea D3 76 45 1000 246 981 -7 10 23.5 45 0.33 2 4 0.2 7 2 30
Quercus pubescens D3 60 35 600 146 981 -4 9 23.5 45 0.33 2 4 0.3 7 2 30
Quercus robur D3 66 45 1000 249 631 -10 10 23.5 45 0.3 2 4 0.3 9 2 40
Pinus cembra E5 40 25 1000 115 600 -9 -2 26.5 45 0.3 1 4 0.2 5 3 30
Pinus montana E5 46 25 300 138 600 -20 -3 26.5 45 0.37 1 3 0.4 9 3 30
Pinus pinaster E4 69 35 300 350 1121 -1 12 26.5 45 0.4 1 3 0.25 7 1 24.5
Pinus sylvestris E4 58 35 200 150 631 -20 5 26.5 45 0.37 1 3 0.3 9 3 20
Table 1 – Initial species-specific parameter values for both local and imported species at the Drômesite (France, 26). Initial values of the parameters related to the three candidate traits for evolution i.e.tolerance to drought (DrTol ) or shade (ShTol ) and intrinsic growth rate (g ) are underlined (seemethod fordetailed description). Additionally, AMs , the age at maturity of the species is not evolving but is used forthe computation of the evolutionary rates (see methods). For a full parameter description, see Morin etal. (2021). For the parameter values of other species used in ForCEEPS, see the supporting information.

For this first application of our method, we focused on the evolution of a beech-fir forest89

(Fagus sylvatica and Abies alba) based on a specific site in south-eastern France, subject to RCP90

4.5 climate warming (corresponding to an average warming of 3°C and a reduction in annual91

rainfall of 120 mm over the century). We chose the beech-fir forest because it is a common92

species assemblage in the European montane ecosystem (Toïgo et al., 2015). What’s more, the93

chosen location is in the southern part of the range of both species, where they are particularly94

vulnerable to global warming. Indeed, in this specific context, the ForCEEPS model predicts the95

extinction of beech and fir in the absence of species evolution, making it an ideal setup for assess-96

ing the conditions for which evolutionary rescue could emerge, and the effect of management97

practices on these conditions. Therefore, we had threemain objectives: 1) Identify the conditions98

for evolutionary rescue of beech and fir, in monospecific (hereafter “monospecific treatment”)99

and mixed forests (hereafter beech-fir “mixture treatment”); 2) Assess the impact of directional100

gene flow on the prospects for evolutionary rescue and on evolutionary trajectories in beech and101

fir populations. We explore this question by importing beech and fir individuals pre-adapted to102

more arid conditions (hereafter “assisted gene flow treatment”) (Fady et al., 2016; Hlásny et al.,103

2014); 3) Evaluate the consequences of introducing new species that are more tolerant of water104

stress (Table. 1) on the evolutionary rescue conditions and evolutionary trajectories of beech105

and fir (hereafter “assisted migration treatment") (Hisano et al., 2018; Hlásny et al., 2014). We106

considered the two treatments “assisted gene flow” and “assistedmigration” to be human-driven107

movement of reproductive material for climate change adaptation. Therefore, we refer to these108

treatments as climate change adaptation measures or “management practices”. However, more109

broadly, these treatments could also be interpreted as the natural migration of individuals from110

an external pre-adapted population into a population maladapted to future conditions, such as111

the natural migration of drought-tolerant species into the beech-fir forest of our focus site.112

Methods113

Model Description114

We integrated our evolutionarymodule into the PBMForCEEPS, amodel from the gapmodel115

family developed to simulate bothmanaged and freely evolving forests (Morin et al., 2021, 2020)116

(Fig. 1, blue, green and yellow boxes). Gap models simulate the growth, mortality and regener-117

ation of trees in a collection of patches of land. ForCEEPS is individual based, and relies on118
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Louis Devresse et al. 5
calculating an optimal growth for each tree using empirical equations from Bugmann (1996) and119

Moore (1989). This optimal growth is then reduced according to several environmental stresses,120

such as lack of light, water, nitrogen or browsing. Tree mortality depended on two components:121

background mortality and growth-related mortality. The former depends on the species’ maxi-122

mum longevity, but is stochastic; the latter occurs if a tree experiences three consecutive years123

with growth below a certain threshold (hereafter "slow growth state"). Furthermore, wemodified124

the regeneration process in ForCEEPS to account for interspecific competition. Our approach to125

model regeneration is more precisely described later in this section. In gap models, individuals126

are generally not spatialized within a plot for the sake of simulation time. Trees in a same patch127

all compete for light and share the same environmental conditions, and so the carrying capacity128

of a patch is an emergent property. The sum of several patches simulates a forest or a represen-129

tative sample of a given forest within a forest matrix (Shugart et al., 2018). The main process in130

the model is competition for light within these patches, considered to be the main driver of tem-131

perate forest dynamics (Kohyama and Takada, 2012). However, tree to tree competition for light132

is indirectly influenced by the effect of environmental conditions, (especially climate), on growth133

(Morin et al., 2020). The ForCEEPSmodel operates on an annual time step, but takes into account134

monthly climatic variations (temperature and precipitation) to calculate the water balance of the135

patches. Species in ForCEEPS are defined by a specific set of parameters (Table. 1). In order to136

simplify the interpretation of simulation results, we have limited our scope to the evolution of137

three of these traits, most related to our questions of interest. We focused on the adaptive dy-138

namics of drought tolerance (hereafter DrTol ) as it is strongly selected by environmental change139

and so presumably, also under selection from global warming. In order to be comprehensive140

with our investigations, we considered the potential interactions of DrTol with the main traits141

related to species competitive abilities which are shade tolerance (hereafter ShTol ) and intrin-142

sic growth rate (hereafter g ). Negative trade-offs were therefore imposed between ShTol and143

DrTol , and between g and DrTol , to account for the relationships observed between drought144

tolerance and competitive abilities in tree species (Kattge et al., 2020; Niinemets and Valladares,145

2006). The other species-specific parameters do not undergo evolution, and a single value per146

parameter is assigned to all individuals of the same species. To facilitate further analysis, basal147

area (BA) (m²/ha) and its dynamic through time are output to describe the ecological state of the148

simulated forests. BA is commonly used in silviculture and forest ecology as a proxy of forests149

density and reflects the development stage of a forest. Finally, changes in the average values of150

population traits and rates of evolution are output to enable the study of evolutionary dynamics.151
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6 Louis Devresse et al.

Figure 1
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Louis Devresse et al. 7

Figure 1 – Overview of the ForCEEPS model and recent developments discussed in this article. Blue,
yellow, and green boxes corresponding to components of the original ForCEEPS model’s fundamentalmechanisms (for further details, refer to Morin et al. (2021)). Teal and purple boxes highlight the innova-tions introduced in this study. Teal Box illustrate the feedback between the forest species compositionand regeneration: more abundant species contribute more to the seed rain. Furthermore, akin to mostclassic gap models, an option is available to activate a uniform seed rain for all species, irrespective ofabundance, and is referred to here as “migration”. Individuals originating from this process are attributedto an external provenance. Purple Box: The most noticeable change to the ForCEEPS model reportedhere is the introduction of an evolution module. This module allows the evolution of a set of traits(species parameters) under the assumptions of the infinitesimal quantitative genetic model. Each indi-vidual trait is comprised of a genetic and an environmental contribution, in the present case, respectively,
Gi ,s is heritable and centred around the initial trait’s values (Table. 1) and Ei is a random non heritablenoise. The relative importance of these contributions depends on traits heritability (h2). The module ac-commodates simultaneous evolution of covariating traits along established trade-offs. The initial state ofany evolution simulation is a forest inventory (see methods). We begin by randomly assigning genotypesand phenotypes using the distributions described above. Two types of individuals may then appear dur-ing the simulation: A) For a locally generated offspring o, its phenotype is determined by the averagegenotype of two randomly selected local parents (Gm,s and Gf ,s ) to what we add within-family variation(γo ) and environmental noise (Eo ). An individual can be randomly drawn as a parent if it is older than theknown age of maturity for its species (Table. 1) and if it is growing above a certain threshold (not in a“slow-growth” state). Larger reproducers are more likely to be parents. B) For migrant offspring their ge-netic values are drawn in predefined distributions. These distributions also can be updated throughoutthe simulations based on the means and variances of traits across replicated sites.

Regeneration and Species Composition Feedback152

In the individual based forest PBM literature, two main approaches are used to simulate re-153

generation. The first one calculates the number of new seedlings as a function of the number of154

seeds produced bymature trees in the simulation, followed by the application of amortality filter.155

The second approach, more commonly used in gap models such as ForCEEPS, involves target-156

ing a predefined seedling density per unit area, calibrated from inventory data (Bugmann, 1996;157

Didion et al., 2009; Morin et al., 2021). Among the previous examples of models that account for158

evolutionary processes, most have adopted the first approach. However, the second approach159

renders regeneration independent of the current state of the simulated forest. In a multi-species160

context, regeneration would therefore consist of a constant “seed rain” across time and would161

include all species considered as able to reproduce in the simulation. To account for the impact162

of interspecific competition on regeneration, and following earlier work by Vallet (unpublished),163

we incorporated a feedback mechanism from the current composition of the forest (based on164

the relative abundance of species in relation to their BA across all patches) on the identity of165

colonizing seedlings each year. We refer to this type of regeneration, based on the relative abun-166

dance of species, “ local regeneration” (Fig. 1 teal box, arrow A). In addition, we have retained the167

option of using a regeneration identical to the classic gap model scheme, now called “migration168

regeneration” (Fig. 1 teal box, arrow B). If activated, the migration regeneration is added to the169

local regeneration and weighted by a parameterM . The parameterM is a continuous index rang-170

ing from 0 to 1, where 0 indicates that only local the regeneration occurs, and 1 indicates that171

the full seed rain is added to the local regeneration, effectively doubling the target number of172

seedlings per unit area. This last point implies that migration can only raise the seeding density.173

M must be maintained at a low value (< 0.2) to prevent the risk of the model operating outside174

its valid range.175
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8 Louis Devresse et al.
Evolution Module176

The core of this work was the incorporation of a module simulating evolutionary dynamics177

into the ForCEEPS model (Fig. 1 purple box). This module required species traits to be both178

variable and heritable, with natural selection and drift impacting the distribution of these traits179

through time. As stated above we specifically selected three species-specific parameters as fo-180

cal evolving traits, chosen for their relevance in responding to selection pressures imposed by181

climate change and competition:182

• The individual’s drought tolerance (DrToli ,s ): a continuous index ranging between 0 (in-183

tolerant) and 1 (tolerant).184

• The individual’s shade tolerance (ShToli ,s ) and its counterpart, the seedlings’ shade tol-185

erance (ShTolSls,i ). ShTols,i is a continuous index ranging from 1 (shade tolerant) to 9186

(shade intolerant) that determines the impact light deprivation has on growth. ShTolSls,i187

is an index ranging from 0 (tolerant) to 1 (intolerant) that controls the availability of light188

required for seedling establishment.189

• The individual’s maximal growth rate (gi ,s ), unitless.190

The initial trait values before evolution: DrTols , ShTols and ShTolSls (Table. 1) come from191

a compilation of previous studies (Bugmann, 1996; Ellenberg and Mueller-Dombois, 1965; Ni-192

inemets and Valladares, 2006; Rameau et al., 2008). Initial values for gs are inferred from actual193

measurements from French national forest inventory (Morin et al., 2021). The validation of drift194

and natural selection processes in simple contexts are available in the supporting information195

(Model validation section, Fig. S.1-4).196

Initialisation phase197

The three traits described above are treated as quantitative and are assumed to be influenced198

by a large number of genes with small and additive effects, each of which contributes infinitesi-199

mally to an individual’s phenotype (infinitesimal model sensu Fisher, 1914) (Barton et al., 2017).200

Consequently, traits initially follow a normal distribution in populations. Each initial state of an201

evolution simulation must consist of a forest inventory derived from field observations or previ-202

ous simulations. From there, a phenotype is assigned to each individual in the form of an array203

of values for each evolving trait by means of random draws from multi-normal distributions:204

−→
Pi ,s =

−→
Gi ,s +

−→
Ei(1)

Where −→
Gi ,s ∼ N (−→µs , ΣG ) and, −→

Ei ∼ N (
−→
0 , ΣE )

The phenotype array Pi ,s of individual i of species s , is composed of a genetic and an en-205

vironmental component, respectively Gi ,s and Ei ,s . µs is an array containing the initial values of206

the ForCEEPS species specific parameters (DrTols , ShTols and gs ). Consequently, Gi ,s and Pi ,s are207

centered around the initial species specific parameters described above whereas Ei ,s is a zero208

centered random non heritable noise. ΣG and ΣE are the genetic and environmental variance-209

covariance matrices as described below:210

ΣG = h2 · ΣP and ΣE = (1 − h2) · ΣP

8



Louis Devresse et al. 9
where h2 is the heritability and ΣP is the phenotypic variance-covariance matrix. ΣP values211

depend on the initial intraspecific trait variability ratio (VR) which is the fraction of the interspe-212

cific variability in traits (−−−→
sdinter ) observed in the pool of species parameterized in ForCEEPS (see213

equation (2) and Table S.1 for the species pool) (Morin et al., 2021). This calculation requires us214

to assume that ΣG is proportional to ΣP which remain a major oversimplification of reality. This215

choice was necessary to reduce the number of input parameters for our evolutionary module,216

especially as it is extremely complicated to obtain estimates of the genetic and environmental217

covariances of traits. Furthermore, h2 and VR are input parameters in the simulation, with the218

same initial values assigned uniformly to all traits and species within each evolutionary scenario.219

However the realized heritability becomes a dynamic variable as natural selection and drift act220

on the genetic variance of traits throughout the simulation.221

ΣP = diag(
−−−→
sdintra) · Σc · diag(

−−−→
sdintra) Where

−−−→
sdintra = VR ·

−−−→
sdinter(2)

Where −−−→
sdintra is the intraspecific traits standard deviation array and Σc , the trait correlation222

matrix. Trait correlation values were derived from interspecific correlations of proxy traits for223

DrTol , ShTol , and g found in literature and databases (Kattge et al., 2020; Niinemets and Val-224

ladares, 2006).We used proxies to expand the scope to include the largest possible set of species.225

By applying these interspecific correlations to the intraspecific scale, we assumed that the trade-226

offs shaping trait relationships at the macroevolutionary scale also occur at the microevolution-227

ary scale. We set those correlations to 0.36 between DrTol and ShTol and 0.38 between DrTol228

and g (Fig. S.5). For more details, please refer to the supporting information.229

Seedling shade tolerance (ShTolSl ) evolves only through changes in ShTol , making it an ex-230

tension of this trait. The seedling shade tolerance for an individual, ShTolSli ,s , was linearly de-231

rived from the difference between the individual’s shade tolerance for growth, ShToli ,s , and the232

species’ initial shade tolerance value (ShTols ). A 1/8 ratio was applied to convert the difference233

ShToli ,s −ShTols on a scale of 1 to 9 into the difference ShTolSli ,s −ShTolSls on a scale of 0 to 1:234

ShTolSli ,s = ShTolSls +
1

8
· (ShToli ,s − ShToli ,s)

Evolution phase235

After the initialization, traits are inherited through the process described below and illus-236

trated in (Fig. 1 purple box arrow A) as the simulation runs. For locally regenerated individuals,237

new seedlings of species s were attributed two parents randomly chosen among a pool of repro-238

ducer trees. A tree is considered as reproducer if it meet two criteria: 1) the tree is older than239

its species-specific maturity age (Table. 1) and 2) it is not in state of "slow growth". An individual240

tree is considered in a slow growth state if it has been growing less than a specific threshold for241

three consecutive years. This phenomenon occurs when environmental factors such as temper-242

ature or light levels are too restrictive for the tree and simulates the process of carbon starvation243

(Morin et al., 2021). We assume that in such conditions, trees do not invest in reproduction. The244

probability of each tree from the reproducer pool to be drawn as parent is weighted by its size245

(assessed as its relative BA in the reproducer pool, assuming that larger trees leave more off-246

spring). Once a seedling is attributed two parents, each of its non-evolving traits is set as equal247

9



10 Louis Devresse et al.
to the species’ base trait value (Morin et al., 2021) while the phenotypic values of each of the248

three evolving traits is defined as the mean of the genetic trait values of both parents, to which249

a genetic (γo ) and an environmental noise is added (eo ):250

−−→
Po,s =

−−→
Gm,s +

−−→
Gf ,s

2
+ −→γo︸ ︷︷ ︸

−−→
Go,s

+
−→
Eo ,Where

−→γo ∼ N (
−→
0 , ΣG · 1

2
) and −→

Eo ∼ N (
−→
0 , ΣE )

With, Po,s the phenotype of offspring o, for a given species s and Gm,s and Gf ,s the genotype251

of the mother and father’, respectively. The genetic noise γo originates from the within-family252

genetic variance, also called the segregation variance as it results from the process of Mendelian253

segregation of alleles. Under the infinitesimal model, assuming sufficiently large and stable an-254

cestral populations and dismissing inbreeding, this genetic noise variance is constant across gen-255

eration and normally distributed, regardless of the distributions of the parents’ genetic values256

(Bulmer, 1971). Without selection, setting the within-family genetic variance to half the initial257

genetic variance keeps the overall population’s genetic variance constant through generations,258

as computing the mean breeding value of two parents to obtain those of the offspring will re-259

sult in reducing population’s genetic variance by half each generation. In contrast, for seedlings260

originating from migration (Fig. 1 purple box arrow B), phenotypes are drawn in multi-normal261

distributions as described in equation (1) with the difference that the means can differ from262

those of local seedlings. These distributions can either be set at the beginning of the simulation,263

or can be updated during the on-going simulation to represent at best the genetic composition264

of replicate populations evolving simultaneously. In the present case, migrants trait means and265

variances are set initially depending on the treatment and evolutionary scenario considered (see266

the simulation plan sub-section). ΣE variances are fixed at the start of the simulation depending267

on h2 and VR , and remain constant throughout the simulation.268

Site and climate data269

270

Our study is based on two sites: a central site in south-east France (hereafter “Drôme”), where271

beech and fir forests are common ecosystems (44°55’01.2” N; 5°17’27.6” E: 1146 mm of yearly272

precipitations andmean temperatures of 5.9°C), and another site with drier conditions (hereafter273

“Montagne Noire”), at the southern limit where beech-fir forests could be found (43°27’55.4”N;274

2°16’43.2”E: 983mm of yearly precipitations andmean temperatures of 9.3°C). Themodel’s site275

parameters (i.e. other than climate conditions) for the Drôme site were derived from field mea-276

surements, and those for the Montagne Noire site were arbitrarily set to be identical to ensure277

comparability between the two sites (Table S.2). Climate data consisted of monthly temperature278

and precipitation data available from the CHELSA (CMIP5, BCG model) (Karger et al., 2020),279

which were organized into three periods:280

• A historical period based on records of climate conditions at the coordinates of both sites281

from 1900 to 2000, repeated over 1000 years.282

• A 100-year warming period including data from 2000 to 2100 for the RCP 4.5 scenario.283
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Louis Devresse et al. 11
• A stabilization period consisting in a repetition of the previous climatic projections from284

years 2090 to 2100, repeated over 1000 years.285

Simulation plan286

287

In order to obtain mature, age-structured forests in a pseudo-equilibrium state to serve as the288

initial state for all our later simulations, we carried out 50 replicates of what we call “baseline289

simulations”. These simulations consist of 1000 years of ForCEEPS simulations from bare soil290

on climates of historical periods without the evolution module. For the beech-fir mixture treat-291

ment, the baseline simulations included 50 patches of 1,000 m² each of mixed beech-fir forest,292

with beech as the dominant species. These simulations produced inventories containing on av-293

erage 720 beech trees at a density of 11.60 m²/ha of basal area and 90 fir trees at a density294

of 1.91 m²/ha (Table S.3). In order to isolate the effect of interspecific interactions between295

species from the effect of the maximum population size, we kept the number of individuals296

in the same order of magnitude between beech-fir mixtures and monospecific baseline simula-297

tions. In the Drôme site and climate, the ForCEEPS model predicts that a mixed beech-fir forest298

will be strongly dominated by beech. Comparing later, the evolutionary trajectories between a299

monospecific fir forest and a mixed forest of the same area will result in a comparison of two fir300

populations of significantly different sizes. The effects that interspecific interactions might have301

on the evolutionary trajectories of forests will then be indistinguishable from the effects caused302

by drift. Consequently, we reduced the number of patches in monospecific baseline simulations303

by running 42 patches of monospecific beech and 11 patches of monospecific fir. This yielded304

an average of 693 beech trees with a basal area density of 14.13 m²/ha, and 76 fir trees with305

a density of 8.10 m²/ha. Then, to address our three questions, we implemented the simulation306

framework depicted in Fig. S.6, with the evolution module activated starting from inventories307

produced from the baseline simulations. Each question was explored through four scenarios of308

h2 (0.1, 0.2, 0.3, 0.4) and four scenarios of VR (0.1, 0.2, 0.3, 0.4) (thus 16 evolutionary scenarios)309

in order to cover cases ranging from the systematic extinction of both species in all replicates to310

the recovery of abundances above or close to the initial levels of both species after 1000 years311

of climate stabilization.312

1. Does mixing fir and beech dampen evolutionary rescue?.313

The persistence and recovery of forests and the evolutionary trajectories of traits during and314

after the three climatic periods were compared between the two treatments: beech-fir mixtures315

and beech-fir monospecific forests. We ran 50 replicates of each of the three compositions for316

each evolutionary scenario at the Drôme site, with associated climate projections (a total of317

50x3x16 = 2400 simulations).318

2. Does assisted gene flow facilitate evolutionary rescue?.319

Secondly, we compared the previously mentioned beech-fir mixture treatment with an “assisted320

gene flow” treatment. This latter was identical to the beech-fir mixtures treatment, with the dif-321

ference that we added immigration of pre-adapted beech and fir individuals during the 100-year322

warming period. The migration parameter M was arbitrarily set to 0.1 to allow new genotypes323

to colonize with a marginal impact on equilibrium BA. The phenotypic distributions of migrant324

traits (Table S.4) are centered around the average phenotypes accross 25 replicates of beech-fir325

mixed forests that have evolved over 1000 years in the historical climates of theMontagneNoire326
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12 Louis Devresse et al.
(with values of h2 and VR corresponding to the evolutionary scenario considered). We carried327

out only 25 replicates of this treatment, as computation time was significantly larger (25x16 =328

400 simulations).329

3. Does assisted migration prevent local species’ evolutionary rescue?.330

Lastly, the assisted migration treatment was similar to the assisted gene flow treatment, but in-331

stead of adding beech and fir individuals during the warming period, individuals from a set of332

eight other species were introduced through migration (M = 0.1). The phenotypic values of im-333

ported species were drawn frommultivariate normal distributions, with the means for the evolv-334

ing traits corresponding to the initial values parameterized for these species (Table. 1). Imported335

species were also subject to evolution as soon as mature individuals established themselves in336

the simulated forests. For reasons of computational efficiency, we carried out only 25 replicates337

of this treatment again, starting exclusively from mixed beech-fir forests (25x16 = 400 simula-338

tions).339

Data analysis and software340

Climate, site, and trait values were analyzed and transformed into the desired formats and341

figures using R software 4.3.0 (R Core Team 2023). To follow the definition of Bell (2017), we342

consider a population to have undergone evolutionary rescue if two criteria are met: Firstly, its343

BA at the end of the entire simulation is greater than 5% of its reference BA for the historical344

period (persistence). Secondly, if population growth is positive (recovery) during the stabilization345

period, which is always the case when the 5% threshold is exceeded). To describe trait evolu-346

tion, trait values per species s were averaged by weighting them by the BA of each individual.347

This approach ensures the values are representative of the population p in a given year y and348

prevents over-representation of a large number of unfit seedlings that will not survive several349

consecutive years.We refer to those weighted averages asDrTols,p,y , ShTols,p,y and gs,p,y for the350

three respective traits. For each evolutionary scenario, average trait evolutionary rates across351

replicates (Nrep) were also measured in Haldanes (H0) according to Gingerich (1983) between352

the years 2000 (y1) and 2100 (y2), depending on its age at maturation (AMs ) for each species s353

(see equation (3)). Exact H0 values are provided along with their 95% confidence intervals for all354

replicates for the h2 and VR = 0.3 evolutionary scenarios as this setting led to the most realistic355

evolutionary rates (Bone and Farres, 2001). Haldanes rate measures the "short term" evolution-356

ary responses of populations. To quantify the long-term evolution of the DrTol trait in species s357

and in population p i.e∆Drtols,p , we computed the difference between the DrTols,p,3000 and the358

average DrTols,p,y over a reference historical period (year 1500 to 2000). The ForCEEPS model,359

as well as its evolution module, is available via Capsis, a simulation platform for forest growth360

and dynamics models (Dufour-Kowalski et al., 2012).361

H0,Trait,s,y1,y2 =
1

Nrep

Nrep∑
n=1

(
Traits,y2 − Traits,y1

sd(Traity1,y2)
) · 1

AMs
(3)

12



Louis Devresse et al. 13

Figure 2 – A.Median minimal relative forest basal area (see D) at the end of the stabilization period in aforest of Drôme site for the various scenarios of heritability (h2) and intra- to interspecific trait standarddeviation ratio (VR ). Number of replicates are indicated under the treatment type and numerical valuesof median relative basal area are indicated for maximum and for minimum value above 5%. B. Medianforest basal area over the whole time series, for a h2 and VR of 0.3 in beech-fir mixture and in theassisted migration treatment. C. Median forest basal area recovery 1000 years after climate change(RCP 4.5) relatively to a reference period (see D). D. Calculation of relative basal areas (RBA).
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14 Louis Devresse et al.
Results & Discussion362

1. Does mixing fir and beech dampen evolutionary rescue?363

The median minimal Relative Basal Area (RBA) (Fig. 2) can be interpreted as the population’s364

safety margin for persistence.VR and h2 had a strong impact onminimal RBA (Fig. 2.B), highlight-365

ing the relevance of the evolutionary processes even in the short term, as minimal RBA typically366

occurs soon after the end of the warming phase (year 2150-2200) (Fig. 2.C, Fig. 3 & Fig. S.7).367

We use the terms “slower evolutionary scenarios” for cases with lower h2 and VR values, and368

“faster evolutionary scenarios” for those with higher h2 and VR values, for which we expect369

lower and higher evolution rates, respectively. The 5% threshold of median minimal RBA was370

reached for minimum h2 and VR of 0.3 in fir in both monospecific and beech-fir mixture treat-371

ment populations. In the monospecific beech treatment however, the 5% threshold was reached372

for "slower" evolutionary scenarios of h2 of 0.1 and VR of 0.3 (Fig. 2.B). The most pre-adapted373

species encountered the lowest risks of extinction, i.e. beech with DrTols = 0.25 as opposed to374

fir withDrTols = 0.23. The lack of differences between the monospecific and mixture treatments375

in terms of safety margin was due to the release from competition for light cause by the high376

mortality in the warming period (Fig. 3 & Fig. S.7). Therefore, mixing did not impact the chances377

of persistence for both species. We used the final RBA to assess the population’s ability to re-378

cover its pre-warming basal area by the end of the 1000-year stabilization period in a warmed379

climate. In contrast to the short term response, the recovery of fir populations at the end of the380

simulations showed differences between the monospecific and mixture treatments. Fir recovery381

was generally lower in the beech-fir mixture treatment than in the monospecific treatment for382

the fastest evolution scenario (h2 and VR = 0.4, Fig. 2.D), with a median final RBA of 77% and383

120%, respectively.384

An analysis of trait evolutionary trajectories is necessary to understand why evolution tends385

to favor beech populations over fir ones. Firstly, DrTol evolution toward higher values was criti-386

cal for population recovery, with populations that reached higher∆DrTol showing the strongest387

recoveries. As expected, higher ∆DrTol values were observed for higher h2 and VR scenarios388

(Fig. 4). However, interspecific interactions between beech and fir had no impact on the evo-389

lutionary trajectories of the three traits in the short term, as there were no differences in fir390

and beech evolutionary rates between the monospecific and the beech-fir mixture treatment391

(Fig. 5.A), regardless of the evolutionary scenario (Fig. S.8). FirDrTol evolutionary rateswere 0.23392

H0 [0.22; 0.25] in the monospecific treatment compared with 0.23H0 [0.20; 0.25] in the mixture.393

For beech, the rateswere 0.35H0 [0.34; 0.36] formonospecific and beech-firmixture treatments.394

The same observations can be made for the two other traits (ShTol and g ) (Fig. 5.A). This result395

can be explained by the lifting of competition following the massive mortality episodes that396

accompany climate change. More surprisingly, long-term evolutionary trajectories were also un-397

affected by competitive interactions between beech and fir individuals. This is evidenced by the398

overlap of evolutionary trajectories and destinations of monospecific and the beech-fir mixture399

treatments for both species (Fig. 5.B). Populations of both species showed an increase in DrTol400

throughout the simulations, accompanied by a decrease in ShTol and g over time due to the401

negative trade-off between DrTol and the two competitive traits (Fig. 5.B; Fig. S.9-11). Lower402

recoveries were observed in fir population in the beech-fir mixture treatment compared to the403

monospecific one for equivalent∆DrTol evolution (see the curvature of the final RBA to∆DrTol404
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relationship in Fig. 4). We interpreted this result as the return of competition for light as the main405

process shaping the community composition in the beech-fir mixture treatment, preventing fir406

recovery despite its tolerance to drought. In beech-fir mixtures, evolution favored the dominant407

species, which is in line with our expectations and theoretical works (DeMazancourt et al., 2008;408

Eldijk et al., 2020; Thompson and Fronhofer, 2019). We propose two non-exclusive interpreta-409

tions of this phenomenon: 1) beech was favored because its populations were initially larger,410

reducing drift and increasing the probability of the population to host more drought tolerant in-411

dividuals explaining the faster evolutionary rates in beech populations overall (Fig. 5.A); and/or412

2) beech was initially fitter due to its higher DrTols allowing its populations to reach higher final413

DrTol values (Fig. 5.B).414

Figure 3 –Median across 25 to 50 replicates of the mean relative light availability perceived by individu-als of beech and fir (model output) across replicates in the four treatments for the evolutionary scenariowith h2 = 0.3 and VR = 0.3. The envelopes show the quantiles 0.025 and 0.975 over all repetitions oflight availability. Bottom stripe color indicates different climatic periods (see Methods for details). Re-sults for other evolutionary scenarios are presented in Fig. S.7.

2. Does assisted gene flow facilitate evolutionary rescue?415

As expected, the assisted gene flow treatment led to the highest DrTol evolutionary rates416

during the warming period, with beech H0 = 0.50 [0.46; 0.51] and fir H0 = 0.39 [0.35; 0.43]417

for the h2 and VR = 0.3 scenario (Fig. 5.A). These values are within the largest known H0 for418

plant adaptation to abrupt changes in natural populations (Bone and Farres, 2001). Therefore,419

assisted gene flow led to a higher safety margin (minimal RBA) for both species and to a larger420

number of evolutionary scenarios in which both beech and fir experienced evolutionary rescue421

(Fig. 2.B & D). While assisted gene flow helped both species track climate change in the short422

term (minimal RBA around 2100 years), it led to more complex relationships between evolution-423

ary rates (h2 and VR ) and recovery (final RBA) in the long term. In contrast with the beech-fir424

mixture treatment, highest recoveries (final RBA) no longer occurred for the fastest evolutionary425

scenarios (h2 and VR = 0.4) for fir and beech populations individually and at the whole forest426

scale (Fig. 2.D). In the assisted gene flow treatment, higher evolutionary rates led to even lower427

values of ShTol and g in beech (Fig. 5.B). These reduced ShTol values resulted in slower effec-428

tive growth rates as shading intensified during forest recovery (Fig. 3). Additionally for fir, lower429

recoveries occurred for equivalent ∆Drtol in the assisted gene flow treatment compared to the430

simple mixture (flatter ∆Drtol to final RBA recovery curve) (Fig. 4). This result can be explained431
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by the fact that assisted gene flowmay have asymmetrically favored the dominant species of the432

mixture (beech). Altogether, this treatment showed that beyond a certain point, stronger evolu-433

tionary responses regarding the DrTol no longer guaranteed better recoveries. In this context,434

trait coevolution and interspecific competition played a more decisive role on the fate of forests.435

Figure 4 – Final relative basal area (see Fig. 2.A) as a function of evolutionary change in tolerance todrought (∆Drtol ) for fir and beech species, and for the whole forest (all species confounded). ∆Drtol iscomputed as the difference between the weighted mean trait value in the year 3000 and the weightedmean value of the trait averaged over a reference period (1500 to 2000 years). The weights correspondto the basal area of the individuals in relation to the basal area of their species or that of the forestas a whole (all species combined). Each point represents a population of a given replicate, species (orcommunity) and treatment.

3. Does assisted migration prevent local species’ evolutionary rescue?436

In the assisted migration treatment, fir and beech became extinct in the majority of evolu-437

tionary scenarios, including those where both species experienced evolutionary rescue in the438
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beech-fir treatment (Fig. 2.B & D). This result is consistent with our expectations and the lit-439

erature on the subject. The arrival of newly pre-adapted species can endanger local evolving440

ones (De Mazancourt et al., 2008). We observed a turnover between beech and sessile oak441

(Quercus petraea), a more thermophilous species (higher DrTols see Table. 1). Contrary to the442

previous treatments, in all evolutionary scenarios, fir populations decreased relatively less than443

beech ones (Fig. 2.B & D). It is important to note that changes in BA are expressed in relative444

terms, so the fact that beech populations are no longer the dominant species largely explains445

this result. Secondly, if both beech and fir populations are subjected to a similar shading regime446

(Fig. 3), beech is expected to grow more slowly due to its lower gs . Furthermore, fir and beech447

populations recoveries (final RBA) were lower in the assisted migration treatment for equivalent448

∆Drtol in comparison with the two-species mixture treatment. The difference between the two449

treatments was greater for beech populations for which +0.07 in ∆Drtol allowed to reach over450

100% of final RBA in the beech-fir mixtures against 25% or less in the assisted migration treat-451

ment(Fig. 4). DrTol evolutionary rates were unaffected by species introduction in the short term452

(during the warming period) with H0 = 0.26 [0.23; 0.29] in fir and H0 = 0.37 [0.36; 0.38] in beech453

for the assisted migration treatment against respectively: 0.23 [0.20; 0.25] in fir and 0.35 [0.34;454

0.36] in beech for the beech-fir mixture treatment (Fig. 5.A). Assisted migration tended to slow455

down DrTol evolution only in beech populations over the long term (Fig. 5.B & Fig. S.9). Slower456

evolution in beech DrTol was associated with a maintenance of higher ShTol compared to the457

beech-fir mixture (Fig. 5.B & Fig. S.10). This result is in line with the view of a niche conservatism458

induced by interspecific interactions (Peterson et al., 1999; Wiens et al., 2010). It’s worth not-459

ing that forests with assisted migration had the highest leaf cover and, consequently, were the460

forests where competition for light was the fiercest (Fig. 3. & Fig. S.7). Altogether, these results461

indicate that assisted migration induces a faster return to a light competition driven regime in462

forests as new species colonize. At the whole forest scale (sum of all species BA), assisted mi-463

gration allowed for the most significant recoveries and the highest minimal RBA, with all final464

recoveries over 130% and all minimal RBA above 75% (Fig. 2.B & D). Therefore, our case study465

tends to confirm the view that species range shifts could mitigate the impact of climate change466

on forest ecosystems in some scenarios, but at the risk of losing local species, providedmigration467

rates are sufficiently high (Hisano et al., 2018).468

Model and simulation plan limitations469

The initial-state forest densities (resulting from baseline simulations in historical climates) at470

the Drôme site (table S.3) can be considered low compared with the forests that actually grow471

in this region (IGN | Institut national de l’information géographique et forestière 2024). This is due472

to the fact that our study sites are located in the southern part of the range of the two focal473

species and that our model was calibrated for a single value of DrTols per species for their range474

throughout Europe. The DrTol of the Drôme populations has therefore most certainly been un-475

derestimated, resulting in smaller populations and consequently an overestimation of the drift in476

our simulations. On a different topic, the arbitrary choice of stabilizing the climate after 100 years477

of warming (at the end of the predictions available in climate projections), limits conclusions on478

any long-term effects. In fact, we noticed that in all treatments but the assisted migration one,479

populations started to recover only once the climate had stabilized (Fig. 2.C & Fig. 3). This result480

is consistent with evolutionary theory. When a population undergoes a change of environment,481
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Figure 5

we expect the evolution of its traits to always lag behind a moving optimal value (Bürger and482

Lynch, 1995). This principle remained applicable even in the fastest evolutionary scenarios we483

explored. This shows that to simulate long-term impacts of climate change on species evolution,484

not only the speed and the absolute values of changing climate matter, but also the duration of485
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Figure 5 – A. Evolutionary rates in Haldanes (see Methods) for the three evolving traits before and afterthe warming period in beech and fir across the four treatments. The grey dashed line marks the 0 evolu-tionary rate threshold. Only the h2 andVR = 0.3 evolutionary scenario is presented here; other scenariosare available in the supporting information (Fig. S.8). B. Median across replicates of the weighted aver-age trait values in two dimensions over time. Line transparency reflect time progression also highlightedby date labels. Framed numbers represent the number of replicates in which populations survived un-til the last simulation year (3000), with a maximum of 50 for the monospecific and beech-fir mixturetreatments, and 25 for the assisted gene flow and assisted migration treatments. Vertical and horizontalerror bars show the 0.025 and 0.975 quantiles around the median weighted average trait values acrossreplicates at the simulation’s end for each treatment. For the individual evolutionary trajectories of pop-ulations, please refer to the supporting information.
the simulated change. The time scales over which we have observed trait evolution also need to486

be discussed. Moreover, rapid climate change induces significant decreases in population sizes,487

thus increasing the likelihood of kinship between individuals. However, inbreeding has the effect488

of eroding genetic variance between siblings (within-family variance) Barton et al., 2017. As a489

result, overall genetic variance and therefore, evolutionary speed may have been overestimated490

by considering within-family variance constant. Finally, it is worth noting that only two selective491

forces operate in our simulations: 1) climate change which will positively select DrTol and 2)492

competition between individuals for light which will select for higher ShTol and g . Given that493

we have imposed negative trade-offs betweenDrTol and the traits related to competition ability494

(ShTol and g ), intra- and interspecific interactions could only hinder the evolution ofDrTol , conse-495

quently preventing evolutionary rescue. Introducing pre-adapted species to future environments496

in this context leads to a competitive hierarchy for light, ultimately resulting in the dominance of497

imported species over local ones. This has imposed two strong and opposing selection pressures498

on local species creating particularly stringent conditions for evolutionary rescue.499

Perspectives500

The erosion of genetic variance discussed earlier could be accounted for in the future by501

tracking the pedigree of individuals (Barton et al., 2017). That being said, this effect is counter-502

balanced by gene flow, which generally keeps inbreeding at low levels in natural forest ecosys-503

tems (Petit and Hampe, 2006) except in the case of isolated populations (Mimura and Aitken,504

2007). Tracking pedigrees between reproducers and reducing the within-family variance accord-505

ing to the kinship of the two parents in the present context would however result in assuming506

that the simulated forest is a completely closed system. The best solution we can think of would507

be to simulate realistic migration processes and assume that immigrants share no ancestry with508

the local individuals. Genetic variation would then be reduced by inbreeding and replenished509

by migration, with the balance between these processes depending on effective population size.510

However, tracking pedigree would also be computationally expensive for large populations. Im-511

plementing this solution could then be relevant for simulations of small populationswhere higher512

inbreeding is expected and tracking pedigree is less costly. Another reason to improve the inte-513

gration of migration into models is to explore its demographic impact on populations. In our case,514

we have deliberately limited these impacts to highlight the genetic consequences of the arrival of515

pre-adapted individuals. Nevertheless, assisted gene flow is also advocated for the demographic516

support it offers (Aitken andWhitlock, 2013). Studying the consequences of different migration517

intensities on evolutionary rescue remains a crucial step towards a better understanding of the518
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consequences of assisted gene flow. Beyond improving a model’s realism and predictive capa-519

bilities, our priority is to better understand how species’ adaptation to a new environment is520

impacted by ecological interactions. We therefore think it is urgent to explore the case where521

intra- and interspecific interactions are at the origin of selection pressures that accompany envi-522

ronmental change. With moderate competitive selection pressure, a positive effect of competi-523

tion on evolutionary rescue could be observed (Osmond andMazancourt, 2013). The conditions524

for this to occur in the context of global warming could be explored within our framework, for525

instance, if competition for water between individuals was explicitly considered in ForCEEPS.526

Conclusions527

To our knowledge, this work represent the first attempt to simulate the evolution of multiple528

interacting species using a functional and mechanistic framework (PBM). Most importantly, we529

showed that both trait variability and heritability had a major impact on the model’s predictions,530

even over a time scale of one or two centuries. Our results support the view that increasing531

genetic variability within stands is a key lever to enhance forests’ capacity to cope with climate532

change. More broadly, they highlight the necessity of accounting for the evolutionary responses533

of tree species when projecting the impacts of climate change on forests. In addition, “assisted534

gene flow” enabled species to keep pace with climate change without any apparent drawbacks535

emerging in our framework. We also showed that abiotic factors, such as climate, are not the536

only dynamic forces influencing species’ evolution. Population dynamics also shape species’ evo-537

lutionary trajectories through competitive interactions. However, interspecific competition did538

not lower the chances of evolutionary rescue in the short term (century) in the beech-fir mix-539

ture as the two focal species were primarily affected by climate change. The evolutionary tra-540

jectories of these two species were only affected by competition in the long term (millennium),541

particularly in the assisted migration treatment when more arid-tolerant species colonized the542

forests. In this treatment, more intense competition reduced the likelihood of evolutionary res-543

cue for beech and fir. Nevertheless, assisted migration allowed for the fastest forest recoveries.544

Given the ecological issues highlighted in this study, we argue that our approach represents an545

important step towards understanding the interactions between competition and evolutionary546

dynamics. It also paves the way towardmore robust predictions of the impacts of climate change547

on forests.548
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