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Abstract

Three types of process-based models (PBMs) are traditionally used to predict the response of forest tree populations to global
change (GC): (i) ecophysiological models, which simulate carbon and water fluxes in forest ecosystems by explicitly integrating
the effects of climate and CO,; (ii) forest dynamics models which simulate forest successions by explicitly linking mortality,
growth and regeneration processes; and (iii) evolutionary dynamics models, which simulate the variation and evolution of
adaptive traits by explicitly accounting for selection, mutation, gene flow and inheritance rules. The ongoing context of rapid
GC, however, questions the boundaries between these types of models. Here, we review different strategies of model integration:
(i) physio-demographic PBMs, integrating physiological and demographic processes; (ii) demo-genetic PBMs, integrating
demographic and evolutionary processes; and (iii) physio-demo-genetic PBMs, which attempt to integrate these three types of
processes. We show that these integrative models allow a better understanding of how different functional traits influence
demographic rates (the phenotype-demography map), how the variation in demographic rates influences fitness (the
demography-fitness map) and how individual variations of fitness may in turn influence the genetic composition of a population.
Our review highlights that accounting for inter-individual variation in ecological processes is increasingly recognized as crucial
for modelling the ecosystem response to environmental change. We argue that the effort of integrating these different processes is
valuable, both for a basic understanding of their interactive effects on the responses of forests to GC and for applied horizon
scanning to support adaptive strategies.

Keywords Inter-individual variation - Process-based models - Demo-genetic models - Physio-demographic models -
Physio-demo-genetic models - Intraspecific variation - Functional traits - Performance traits

Introduction

Predicting the response of trees, the keystone species of forest
ecosystems, to ongoing global change (GC) is a critical eco-
logical, societal and economic issue. Indeed, forests provide a
multiple source of ecosystem services and well-being to
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human populations, including biodiversity sustainability, car-
bon sequestration and freshwater availability. Observed and
predicted impacts of GC on forest trees involve a wide variety
of abiotic stresses (e.g. drought, wind throw, flood, heavy
snow, late frosts, fire) and biotic stresses (predation, competi-
tion), which are driven by climate change. GC impacts also
involve changes in forestry practices, deforestation, nitrogen
deposition or pollution, land use changes and increasing op-
portunities for rapid pest expansion. In particular, increasing
droughts have been associated with decreasing tree growth
and forest productivity (Zhao and Running 2010), increased
risks of tree mortality (Allen et al. 2010), higher fire frequency
(Moriondo et al. 2006), and loss of ecosystem services
(Anderegg et al. 2013). These negative effects of GC can also
be mitigated by increasing length of vegetation period (Davi
et al. 2006), increasing CO, concentrations (Davi et al. 2006;
Gea-Izquierdo et al. 2017) and nitrogen fertilization (Quinn
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Thomas et al. 2010). All these changes interact in a complex
way and are likely to result in new biotic and abiotic condi-
tions, unobserved in the past.

Depending on their nature, frequency, duration, or intensi-
ty, environmental stresses will have various impacts on trees.
These stresses can affect tree structure (e.g. branch mortality,
leaf fall), seasonal physiology (e.g. growth cessation, reduced
photosynthesis, hydraulic failure) and overall vigour (e.g.
crown defoliation) and performances (e.g. reduced growth,
reproduction and survival) up to the limits of their phenotypic
plasticity*." At population level, these stresses also impose
strong selective pressures, which affect demographic rates
and can cause genetic adaptation™ across generations or cause
population extinction. Moreover, at the ecosystem level, these
stresses affect the ecological processes driving community
composition depending on the variability of species’ resis-
tance and resilience*. The interplay between phenotypic plas-
ticity, genetic evolution, and community rearrangement ulti-
mately determines the ability of populations and ecosystems
to adjust to new environmental conditions imposed by GC.

Mechanistic, process-based models* (PBMs) have
attracted an increasing interest in ecology, considering their
ability to predict possible future dynamics of ecological sys-
tems by accounting for the variety and complexity of environ-
mental changes and their impacts (Jeltsch et al. 2008; Evans
2012; Mouquet et al. 2015; Maris et al. 2018). Three types of
PBMs are traditionally used to predict the response of forests
to GC (Box 1, Fig. 1): (i) ecophysiological models, which
simulate carbon and water fluxes in forest ecosystems by ex-
plicitly integrating the effects of climate change, nitrogen de-
position and CO, fertilization; (ii) forest dynamics models
which simulate changes of forest structure and successions
in response to disturbances and management by explicitly
linking mortality, growth and regeneration processes; and
(iii) evolutionary dynamics models, which simulate the evolu-
tion of adaptive traits and genetic diversity in response to
explicit mutation, selection and gene flow processes, while
genetic drift dynamically results from demographic processes.

The ongoing context of rapid GC, however, questions the
boundaries between these different PBMs. On the one hand,
evolutionary ecologists increasingly realized that new insight
on evolutionary dynamics can be obtained by incorporating
more details on the demographic dynamics and the ecological
and environmental context into population genetics and quan-
titative genetics models (Hanski 2012; Hendry 2016). In par-
ticular, in non-stationary systems where the evolutionary
drivers themselves have their own dynamics, a mechanistic
approach is required to build up the fitness* response to envi-
ronmental changes. On the other hand, ecophysiologists and
population ecologists have also become increasingly aware
that the widespread variability that exists among individuals

! Terms in italic with an asterisk (*) are defined in the glossary.
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for functional* and life-history traits* can no longer be ig-
nored to predict ecosystem carbon fluxes and stocks, or pop-
ulation dynamics (Moran et al. 2016). Indeed, the genetic
composition of a population, which determines much of its
phenotypic variation, and its evolutionary dynamics* may
both affect population dynamics or ecosystem-level carbon
and water fluxes. This contradicts a common expectation that
changes in the genetic composition of a population (particu-
larly in long-lived organisms) occur so slowly that the physi-
ological responses to environment, the demographic dynam-
ics and the evolutionary dynamics, remain decoupled from
each other. However, an increasing number of studies are
challenging this expectation and suggest that when selection
is strong, i.e. when the environment changes substantially and
rapidly, these physiological, demographic and evolutionary
dynamics can occur on the ecological timescale (Pelletier
et al. 2007).

In such situations, integrating physiological, demographic
and/or evolutionary processes into a new PBM (integrative
PBM in the following) may be more appropriate than keeping
either a demographic-oriented, physiological-oriented or
evolutionary-oriented approach. However, this may come at
the cost of increasing model complexity, a notion which has
been thoroughly discussed elsewhere (e.g. Evans et al. 2013;
Getz et al. 2018; Maris et al. 2018). Getz et al. (2018) under-
line that to answer the plurality of scientific issues in ecology,
we need a plurality of PBMs involving different hierarchical
levels of ecological systems and different processes. Their
typology of ecological model in terms of their structural, pro-
cess, and utility complexity also suggests that integrative
PBMs are bound to be more complex in terms of processes
and structure than the ecophysiological, forest dynamic or
evolutionary dynamics models they inherit from. However,
such increasing model complexity may be desirable (Evans
et al. 2013), and the distinction made by Maris et al. (2018)
between complicatedness and complexity is helpful to justify
this point of view. Indeed, integrative PBMs may be more
complex not only because they are more complicated (e.g.
more processes, more hierarchical levels) but also because
they attempt to capture the complexity per se of ecological
systems, i.e. the emergence of new features (such as fitness)
from the combination of their subcomponents.

This review investigates how PBMs integrating the process-
es involved in the physiological responses to the environment,
the demographic dynamics and the evolutionary dynamics con-
tribute to a better prediction of the eco-evolutionary dynamics
of forests under GC. We define and review (1) physio-
demographic PBMs, integrating physiological and demograph-
ic processes; (2) demo-genetic PBMs, integrating demographic
and evolutionary processes; and (3) physio-demo-genetic
PBMs, which attempt to integrate these three types of process-
es. For each of these three levels of integration, we highlight the
focal emergent property(ies) that can be captured, the scientific
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Box 1: Three main bricks to build up integrative eco-
evolutionary, process-based models

Ecophysiological models simulate biogeochemical cycles
between the canopy, the atmosphere and the soil by
linking together the physical and physiological processes
such as radiative transfer, evapotranspiration,
photosynthesis, respiration or carbon allocation. A large
number of ecophysiological PBMs exist and differ
primarily from each other in the resolution at which
vegetation is abstracted. Dynamic Global Vegetation
Models (DGVMs) aggregate individual tree, grass, and
shrub species into generic plant functional types (PFTs) to
simulate the vegetation distribution at global or
continental scales. DGVMs focus on the ecological
processes and disturbances that determine the balance
between PFTs, such as establishment, competition,
growth and mortality, and allow vegetation, soil moisture,
and nutrient availability to respond to atmospheric forcing
and land management changes (Cramer et al. 2001).
Other models use an explicit representation of single
species’ physiology to simulate vegetation functioning at
a finer spatial scale (e.g. Simioni et al. 2000; Ogée et al.
2003; Misson et al. 2004; Dufréne et al. 2005; Briceno-
Elizondo et al. 2006). These later models can (but not
necessarily do) account for more detailed
ecophysiological processes, for instance by representing
stand vertical structure and competition for light (Simioni
et al. 2000). The grouping of single tree species into PFTs
has been shown to be a successful approach to reduce
complexity in ecophysiological models (Fischer et al.
2016), and the predictions of DGVM are usually quite
robust to spatial resolution. The main properties of
ecophysiological PBMs are first that they simulate
vegetation functioning in response to explicit climate and
soil variability (as input variables), through their impacts
on plant/PFTs physiology. They are also usually completely
deterministic: the simulated response of a given system to
a given climate and environment will always be the same.

Forest dynamics models, initially devoted to the prediction
of yield and growth in response to management practices,
have rapidly incorporated the effects of mortality, growth
and reproduction in a more general approach of plant
population dynamics (Jeltsch et al. 2008). In gap models, a
first generation of individual-based models (IBM) for
forest dynamics, the mortality of a large and dominating
tree, resulting either from management, e.g. thinning and
logging, and/or natural disturbance, produces gaps in the
forest, which leads to the release of suppressed trees and
increased tree recruitment rates (Bugmann 2001). Then,
the establishment, growth and mortality of individual
trees on small patches of land are simulated as a function

of biotic (competition) and abiotic factors (climate and
soil). Cellular automata models are another approach to
tackle specific spatial issues related to interactions
between neighbours which were used in forest dynamics
models (Grimm et al. 2005). Different improvements now
allow multispecies forest dynamics models to simulate
forest successions and species diversity by accounting for
the effects of dispersal, landscape heterogeneity and
disturbances (e.g. Lischke et al. 2006; Seidl et al. 2012). In
general, forest dynamics PBMs are individual-based and
model forest dynamics as an emergent property of
interactions and feedbacks between the adaptive agents
of a complex system, i.e., individual trees, and their
environment. As compared to ecophysiological PBMs,
they incorporate some stochastic processes (e.g. related
to dispersal) together with deterministic ones. They also
model more implicitly the impact of drivers such as climate
on forest dynamics, but allow the widest variety of drivers
to be incorporated (e.g., biotic drivers related to pests).

Evolutionary dynamics models are concerned with the
variation and evolution of heritable traits that have a
direct effect on fitness*. Among the more common
formalisms of evolutionary change are (1) population
genetics, which model the evolution of gene frequencies
at the expense of ecological detail; (2) quantitative
genetics, which integrate the genotype-phenotype map;
(3) evolutionary game theory, which incorporates
ecological realism, in particular the notion that the success
of any given strategy depends on its frequency within the
population, but often ignores genetic detail. Such
evolutionary dynamics models aim to understand the long
term destiny of new mutations that affect the phenotype
given the variability present in the population. Based on
the infinitesimal model of quantitative genetics and
benefitting from the development of high throughput
genomic data and analytical tools, population genetics
and quantitative genetics approaches are on a converging
trajectory (Nelson et al. 2013). We focus here on
guantitative genetics PBMs, which simulate how
selection, mutation, gene flow and genetic drift interact to
shape the evolution of adaptive traits and of population
demography, by explicitly accounting for the mechanisms
underlying the inheritance of the adaptive traits. While
theoretical, analytical quantitative genetic models are
deterministic, simulation IBMs allow some stochastic
processes to be included (e.g. related to mating system,
dispersal). As compared to ecophysiological and forest
dynamics models, the response to environmental drivers
is much more abstracted, e.g. an optimal phenotypic value
is usually considered to maximize individual fitness in a
given environment, and this phenotype-fitness
relationship is assumed to be fixed.
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Fig. 1 The different PBMs used to investigate physiological,
demographic and evolutionary changes in tree populations and their
coupling. See Box 1 for a description of each model. Several types of
coupling between physiological responses to environment, the
demographic dynamics and the evolutionary dynamics are possible:
physiological change may influence demographic change (e.g. when
carbon starvation or hydraulic failure in response to repeated or severe
droughts induce tree mortality), while demographic change may
influence physiological change (e.g. when tree mortality reduces local
competition for water). Demographic change obviously affects

challenges and the challenges related to data sources for the
evaluation of models. Finally, in the last section (‘Roadmap”),
we discuss which processes should be integrated depending on
the focal issue, which spatial and temporal resolution of inter-
individual variation (iVa) is required and how processes can be
integrated while limiting model complexity and challenges re-
lated to data-model linkage.

Definitions and methods
Definition of the considered integrative models

We followed the genotype-phenotype-fitness map*’s frame-
work proposed by Coulson et al. (2006) to propose theoretical
definitions of the three integrative PBMs considered in this
review.

Physio-demographic models These PBMs include a pheno-
type-demography map*, modelling how different functional
traits contribute to the demographic rates (Fig. 2a). This map
allows population demography and ecosystem functions to
emerge from physiological processes. Although fitness does
not explicitly appear on this framework, fitness’ components
(survival, reproduction) do and determine the demographic

@ Springer

evolutionary change (as variation in survival and reproduction drives
fitness and the process of selection), while evolutionary change can
influence demographic change (e.g. selection for earlier reproduction
will affect the dynamics of regeneration). The effect of physiological
change on evolutionary change operates through demographic change,
but evolutionary change can influence physiological change more
directly (e.g. when drought-resistant genotypes are selected). Most im-
portantly, there may also be reciprocal effects (e.g. feedback loops) be-
tween physiological, demographic and evolutionary change, and this pa-
per is particularly concerned with them

structure. Hence, the main value of physio-demographic
models is to analyse how different values and combinations
of functional traits contribute to fitness. Note that physio-
demographic models are not necessary individual-based
models (IBMs), as functional traits may be modelled at cohort
or population level.

Demo-genetic models These IBMs integrate a genotype-phe-
notype map*, restricted to life-history traits, with phenotype-
demography and demography-fitness maps* (Fig. 2b). This
integration allows iVa in fitness and hence opportunities for
selection to emerge from demography, which in turn affects
the genetic composition of the population over successive gen-
erations (feedback loop). Hence, in contrast to theoretical
models that usually consider the speciation timescale, a main
value of demo-genetic models is their capacity to examine fit-
ness evolution at a contemporary, ecological timescale (few
generations), including transient dynamics out of equilibrium
(Coulson et al. 2006). Moreover, demo-genetics models are
particularly suitable in highlighting the building up of fitness
in natural populations, as those traits promoting survival and
offspring production are demographically favoured.

Physio-demo-genetic models These IBMs integrate a geno-
type-phenotype map, focussed on functional traits, with
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phenotype-demography and demography-fitness maps* simi-
lar to physio-demographic models. They include the feedback
effect of population demography on its genetic composition at
next generation, as in demo-genetic models (Fig. 2c¢).
Specifically, physio-demo-genetic models allow dynamic
changes of iVa in physiological parameters to emerge from
both environmental changes, including those due to changes
in stand structure, and genetic changes, thus closing the full
physio-demo-genetic loop.

Note that all of the physiological, demographic or evolu-
tionary processes are not necessarily included in each of these
integrative PBMs. Still, because we focus here on the building
up of fitness through the physiological or demographic re-
sponse to environmental variation, we chose to consider only
PBMs integrating at least some demographic processes.
Moreover, we argue that IBMs are best suited to integrate
the components of fitness related to interactions among indi-
viduals (e.g. competition, facilitation, reproduction through
pollen dispersal), which are essentially demographic. Hence,
we do not address here the integration of physiological and
genetic processes without demography.

Literature search

Literature search was conducted using the Web of Science
(WoS) over the period from January 1, 1992, to December
31, 2018.

Physio-demographic models We searched in the WoS for pa-
pers that had addressed joint modelling of the forest function-
ing and the processes involved in forest dynamics. Research
terms were (forest AND tree AND (physiolog* OR vegeta-
tion) AND (mortality OR survival OR growth OR dynamic*)
AND (process-based model* OR DGVM* OR DVM¥*). We
identified 276 references. The number of papers per year
strongly increased over the period, following the increase in
the global number of publications on models in ecology. We
analysed the summaries of each article to eliminate synthesis
papers and those that did not present model results. We kept
92 references (Online Supplementary Table S1).

Demo-genetic models We searched for forest models integrat-
ing demographic processes and genetic variation. We used a first
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query based on the following terms: (forest*) AND (metapop*
OR demogr*) AND (variability OR diversity) AND (model)
AND (simul*). This search provided 169 references over the
period from January 1, 1992, to December 31, 2018. We re-
moved review papers and publications that did not relate to trees,
or used models for inference rather than for predictions, or had
no demographic processes, or made no link between variation
and demography, and we finally kept 19 publications from this
list. We did a second query based on the following terms: (for-
est*) AND (population viability analysis OR population size)
AND (simul*) AND (adapt* OR evolut* OR genet*). This que-
ry provided 238 publications from which we filtered eight that
were additional to the previous list. Then we used a third query:
(forest dynamics*) AND (metapop* OR demogr*) AND (mod-
el*) AND (adapt* OR evolut* OR genet*), which provided two
additional references. Finally, we identified another set of six
publications from the literature cited in the previous references,
which gave a total of 35 references. For each publication, we
characterized the resolution of inter-individual variability and its
genetic make-up, the demographic processes, the coupling be-
tween variability and processes, and their spatio-temporal scales
(Online Supplementary Table S2).

Physio-demo-genetic models Research terms were as follows:
(demogr* OR dynamic* OR mortality OR survival OR
growth) AND (adapt* OR evolut* OR genet* OR genot*)
and (dynam* OR variat¥*)) AND (physiol* OR ecophysiol*
OR vegetation OR (functional trait*)) AND (model* OR
simulat* OR DGVM* OR DVM¥*) AND (process-based OR
individual-based OR IBM OR mechanist*) AND forest*
AND tree*. After checking, we identified only eight original
research articles (Online Supplementary Table S3).

Integrating demographic and physiological
processes

State of the art

In general, ecophysiological models have not been specifical-
ly developed to consider the key demographic processes shap-
ing population dynamics, which quickly came to be seen as
presenting a large source of uncertainty in their predictions
(Fisher et al. 2010). Hence, accounting for demographic pro-
cesses such as growth, reproduction, seed dispersal, seedling
recruitment, and tree mortality is now acknowledged as a ma-
jor prerequisite to predict carbon and water fluxes over long
periods of time. Simultaneously, the incorporation of chang-
ing environmental conditions has become a priority in forest
dynamics models, in order to address such issues as how
changes in forest community structure may mitigate the effect
of GC.

@ Springer

Ecophysiological models integrating demography A first
strong motivation to account better for demographic processes
in ecophysiological models arose from the need to study the
impact of forest management on the carbon cycle (Landsberg
and Waring 1997). Moreover, tree size measurements (i.e. di-
ameter or height increment) are available in great quantities in
forest inventories and have been used to validate the predictions
of ecophysiological models. For these two main reasons, tree
growth has been the first major process of forest dynamics
incorporated into dynamic vegetation models (DVMs). Most
of the existing stand-scale ecophysiological models are now
able to consider the effects on stand growth of both GC and
changes in stand structure. This integration of physiological and
dynamic processes has enabled the assessment of the impact of
forest management on the carbon cycle, both on local and glob-
al scales (Briceno-Elizondo et al. 2006; Fujii et al. 2009;
Bellassen et al. 2010). For instance, using the dynamic global
vegetation model (DGVM) ORCHIDEE-FM, Bellassen et al.
(2010) found that the CO, net ecosystem exchange of unman-
aged forests is 40% lower than that of managed forests and
concluded that management explains 40% of the accumulated
carbon sink over 150 years. However, discrepancies between
the net ecosystem production, simulated by ecophysiological
models, and growth, measured in inventories, are still often
reported (Babst et al. 2013) and call for the improvement of
carbon allocation modelling (Buckley and Roberts 2006).

The study of climate-related mortality has also promoted the
integration of ecophysiological and demographic processes. In
the current context of increasing drought intensity and duration
(Adams et al. 2017), ecophysiological models allow a fine de-
scription of the processes underlying drought-induced tree de-
cline and mortality, e.g. hydraulic failure and/or carbon starva-
tion (although the two processes are seldom simultaneously
accounted for in the same model). Therefore, they complement
forest dynamics models, which have traditionally focused on
regular mortality due to competition (Hulsmann et al. 2018).
Taking into account the mortality due to drought or high tem-
peratures induces significant changes in vegetation in DGVM
simulations (Jiang et al. 2012). For instance, Collalti et al.
(2019) found that the combined impacts of climate change
and changing CO, concentrations lead forests to grow faster,
mature earlier and die younger. However, they also found that
under future climate conditions, forest thinning could reduce
the climate-induced risks of mortality (Halofsky et al. 2018).

Compared to growth and mortality, reproduction is the de-
mographic rate that has received the lowest consideration in
ecophysiological models (Vacchiano et al. 2018). Almost no
DVMs clearly assess the detailed investment in reproduction,
nor validate (pollen and) seed production model with data, and
very few papers evaluate the regeneration module of their
model even when this component is detailed (e.g. Ditzer
et al. 2000). However, this field of research is rapidly evolv-
ing, and approaches investigating the relationships between
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physiological processes and demographic rates are currently
developed (Poorter et al. 2008; Visser et al. 2016; Bontemps
et al. 2017). While most models simulate regeneration, the
effect of climate change on this component is rarely studied
and models are poorly evaluated on this aspect.

Finally, as DGVMs aim to integrate the ecological process-
es and disturbances that determine the distribution of plant
functional types (PFTs) at global scale, they can be considered
as a first attempt to map physiological processes onto popula-
tion demography (as summarized by survival) at the coarse
scale of species/biome distribution (Cheaib et al. 2012; Case
and Lawler 2017). At this global scale, other PBMs integrate a
functional approach of species fitness. In particular, the
PHENOFIT model computes the probability of presence for
an individual over several years, estimated by the product of
the survival probability until the next reproductive season, and
the probability of producing viable seeds by the end of the
annual cycle (Chuine and Beaubien 2001).

Forest dynamics models integrating ecophysiology At stand
scale, an alternative approach is to include ecophysiological
processes in forest dynamics models (Pitelka et al. 2001).
Forest dynamics models were originally conceived to study
how vegetation structure and composition change over time
under current climatic conditions, considering abiotic and bi-
otic constraints to establishment, growth and survival. A first
way to account for climate change in forest dynamics was to
couple gap models with models accounting for soil carbon/
nitrogen turnover and the dynamics of abiotic environment
(e.g. climate) with further details. The main objective of these
hybrid models was to include not only a minimum number of
ecological assumptions but also robust parameterizations of
the effects of climate on plant population dynamics
(Bugmann 1996). This was done by defining the simplified
niche for each species (e.g. three-dimensional: temperature,
moisture and light) and by accounting explicitly for environ-
mental effects on establishment, growth and survival. For in-
stance, the number of recruited trees, which usually depends
on species’ shade tolerance, was modelled as depending also
on another’s niche’s dimensions. Diameter growth was usual-
ly modelled as a deterministic process, considering that the
potential (i.e. maximum possible) growth is reduced by scalars
that represent the extent of suboptimal conditions due to abi-
otic stress or competition. Talkkari et al. (1999) showed how
gap model predictions could be improved by refining the
growth response curve to temperature. Taking into account
the inter-annual variations in growth in response to drought
also significantly improved gap models (Mina et al. 2016).
Another ongoing major development of gap models is to im-
prove the modelling of mortality, by better accounting for
stress-related mortality together with background mortality.
These hybrid models were used to examine the relation-
ships between ecosystem functioning and community

dynamics. Ditzer et al. (2000) showed that the biomass of a
Malaysian tropical forest succession stabilized after 100 years.
Chauvet et al. (2017) confirmed the expected decrease in spe-
cies richness with decreasing site fertility. These models were
also used to investigate how forest management affects com-
munity composition (Kammesheidt et al. 2002; Fujii et al.
2009). Finally, these models were also compared to niche
models for their ability to predict species distribution
(Gutierrez et al. 2016).

Conclusion Our literature review highlights that over the last
few decades, ecophysiological models and forest dynamics
models have been on a converging trajectory (as denoted by
the generic term DVM increasingly used for both categories of
models). Forest dynamics models are increasingly integrating
ecophysiology (19% out of 92 references) while ecosystem
functioning models are increasingly integrating demographic
processes (79%), with some fully integrative approaches
(2%). These models are used either at a global scale (42%)
or at the scale of regions (12%) or plots (46%), by taking into
account the specificities of species or sites.

Scientific challenges

The ongoing integration of ecophysiological and forest dy-
namics models into physio-demographic PBMs (also called
hybrid DVMs) allows more accurate predictions of forest dy-
namics under climate and GC. The main challenges for
physio-demographic PBMs lie in the limited knowledge on
the physiological processes determining demographic rates
and on their interactions. In particular, reproduction is still a
black box. There is still limited knowledge on the age of first
reproduction, which affects the overall fecundity of a tree and
which is determined both by the abiotic environment (e.g.
climate) and by stand and tree characteristics (e.g. height,
growth and light availability mediated by competition).
Carbon allocation to the initiation and maturation of pollen
and seeds also remains largely unknown. As resources allo-
cated to reproduction cannot be used for other functions,
trade-offs may occur for instance between fecundity and
growth, particularly under stressful conditions (Obeso 1988).
Finally, tree fecundity alone is not enough to predict regener-
ation, the ultimate reproductive success of a tree depending on
other processes affecting mating probability (pollen quantity
and quality, pollen dispersal), seed germination (including
inbreeding depression) and seedling survival (Oddou-
Muratorio et al. 2018). The physiological determinants of
these processes remain largely ignored in ecophysiological
models, hindering the prediction of CC effects over the whole
tree life cycle.

Although physio-demographic PBMs account better for
the physiological processes driving tree growth, the integra-
tion between stand structure and tree physiology ideally
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requires explicit 3D modelling of tree functioning including
its architecture, which is computationally costly (Marie and
Simioni 2014). More generally, carbon allocation to root and
carbohydrates reserves remains largely unknown and calls for
the development of more mechanistic allocation models ac-
counting for the dynamics of each sink such as wood, leaves
or roots (Guillemot et al. 2015). The modelling of reserves is
also a major research topic (Fang et al. 2019), as it determines
the probability of mortality and the resilience of trees after
disturbances such as drought or insect attacks. The physiolog-
ical causes of mortality are still a matter of scientific debate, as
a single factor (e.g. drought) associated with massive mortal-
ity may involve several underlying physiological processes,
with several mortality thresholds, and potential feedback be-
tween them (McDowell et al. 2013, 2016; Davi and Cailleret
2017). Even though hydraulic failure is increasingly acknowl-
edged as the initial step triggering a number of interacting
processes leading to mortality (Adams et al. 2017), the rela-
tionships between carbon and water fluxes, and the role of
biotic factors during and after drought, remain to be clarified.
Physio-demographic PBMs are useful tools to investigate
these issues because of their ability to predict the physiologi-
cal thresholds of key functional traits triggering mortality
(Davi and Cailleret 2017).

Data source challenges

One of the major shortcomings of physio-demographic PBMs
is the large number of parameters of ecophysiological PBMs
(e.g. around 78 species-specific parameters and 12 site-
specific parameters in CASTANEA; Dufréne et al. 2005).
These parameters usually have a physical or physiological
significance and can be independently estimated empirically.
The parameterization and evaluation of these models has al-
ways been a central issue (Davi et al. 2006), but it becomes an
obstacle to using these models on a large number of species
when taking into account the iVa of multiple parameters.
Fortunately, the increase in data acquisition capacity and
the obligation to share these data open new perspectives
(Table 1). One of the difficulties is that available databases
on physiological traits have been constituted by different sci-
entific communities, except the TRY database that assembles
performance and functional traits data (https:/www.try-db.
org/; Kattge et al. 2020). The data are therefore often
heterogeneous with varying access rights. Another general
problem is that data sources often relate to traits that differ
from model parameters (for instance, budburst date is
measured while model parameters relate to the sum of
temperature required for reaching a certain state). Sometimes
the data coincide with parameters, but their units differ. In
addition, some physiological traits are not yet systematically
measured, such as those determining respiration or the optical
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properties of leaves and needles. Finally, a safe use of these
data often requires expert knowledge.

Integrating demographic and evolutionary
processes

State of the art

The idea that demographic rates, such as fecundity and the
probability of mortality, vary among individuals partly for
genetic reasons, and thus that the genetic composition of a
population and its evolutionary dynamics can influence the
demographic dynamics, has been incorporated for decades
in evolutionary quantitative genetics theory (Hanski 2012;
Hendry 2016). However, the development of fully integrative
forest demo-genetic models has lagged behind, as illustrated
by the only 35 publications found on forest demo-genetic
models. We categorized these publications into three catego-
ries, as described in the following sections.

Population genetics models integrating demography Le
Corre et al. (1997), Austerlitz et al. (2000) and Austerlitz
and Garnier-Géré (2003) used metapopulation models to dem-
onstrate how specific demographic features of trees, e.g. long-
distance dispersal and juvenile phase, can explain their high
level of genetic diversity compared to other organisms. Leslie
matrix models, forest growth models or IBMs may explicitly
account for forest dynamics processes such as growth/
competition balance, seed dispersal and mortality.
Integrating sexual reproduction processes (gametogenesis
and fecundation) into such models, several studies have
shown how tree demography and silviculture can shape the
amount and structure of neutral genetic diversity at single-
population scale (Degen et al. 1996; Degen et al. 2006;
Sebbenn et al. 2008; De Lacerda et al. 2013; Vinson et al.
2015). Wernsdorfer et al. (2011) integrated neutral genetic
diversity in a forest gap model with detailed demographic
processes, including multiple life-stage mortality processes
and interspecific competition, to study the interaction of dis-
persal and demography on the preservation of neutral genetic
diversity. Similar approaches were used to analyse the impact
of biological drivers, such as animal pollination (Degen and
Roubik 2004) or clonality (Jolivet and Degen 2011), and an-
thropogenic practices, such as deforestation (Kashimshetty
et al. 2015) on neutral genetic diversity. Kuparinen et al.
(2010) developed a demo-genetic model with variable mortal-
ity rate and showed the beneficial role of mortality on the rate
of adaptation. In all these models, demography is the driver
and genetic diversity is the target, whether it be neutral or
under selection, but there is no feedback effect of genetic
changes altering the demographic processes themselves.
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Table 1 List of databases (DB) and variables available to parameterize (‘P’ column) or validate (“V’ column) models
Name of database (DB) Variables P \% Reference
DBs for traits values
TRY LMA, N, Seed mass, X Kattge et al. 2020
Vemax, Vjmax
A Global Data Set of Leaf Vmax, Vjmax, N X Walker et al. 2014
Photosynthetic Rates,
Leaf N and P, and Specific
Leaf Area
GlobAllomeTree Biomass, dbh, height X Henry et al. 2013
NSCdata NSC X X Martinez-Vilalta et al. 2016
GlobResp R15, Q10 X Atkin et al. 2015
Sur-Eau P50, Pgs90, Ptlp X Martin-StPaul et al. 2017
FLUXNET 2015 GPP, Reco, NEE, ETR, Rn X Pastorello et al. 2017
The International Tree-Ring Ring width increment X Zhao et al. 2019
Data Bank
DBs for quantitative
genetic parameters
(heritability, coefficient
of variation...)
Gene2Trait NA? X Kramer et al. unpublished data,

Deliverable D1.2 of
NOVELTREE (FP7
EU project)

H2DB

D13C, dbh, height, WD,
SpG, LiC, architecture
traits, resistance to pests

dbh, height, WD, architecture traits

Trees4Future EU project
http://www trees4future.eu/database-access.

html

X Climent et al., unpublished data,
Deliverable D1.2 of NOVELTREE
EU project®

X Kaminuma et al. 2013

LMA leaf mass per area of leaves or needle, NV nitrogen content of organs, Vemax maximum rate of carboxylation, Vjmax maximum rate of electron
transport, dbh diameter at breast height, NSC non-structural carbon content, R/5 respiration rate at 15 °C, Q10 rate of change of respiration when
increasing the temperature by 10 °C, P50 leaf water potential that causes a decline of 50% in hydraulic conductance, Pgs90 value of water potential
causing 90% stomatal closure, Ptlp turgor loss point, GPP gross primary production, Reco ecosystem respiration, NEE net ecosystem exchange, ETR
evapotranspiration, Rn net radiation, D/3C ratio of carbon discrimination, WD wood density, SpG spiral grain, LiC lignin content

#This DB is available from its curator (K. Kramer)
® This DB is available from its author (J. Climent)

Forest dynamics models integrating phenotypic variation
Another scientific community has developed models where
some level of phenotypic, and therefore genetic, variation inter-
feres with forest dynamics processes, but with no process of
heredity: these are the multi-species forest community models,
either at single community or at metacommunity scale. Here,
we do not provide a systematic review of such models (see
Porté and Bartelink 2002; Pretzsch et al. 2015), but we high-
light how they achieve the integration of phenotypic diversity
and dynamics. Chave and Norden (2007) developed a neutral
metacommunity model to study the conditions for maintenance
of tree species diversity at global level despite local demograph-
ic incidents and fragmentation. Takeuchi and Innan (2015) used
a niche-structured local community model to evaluate the im-
pact of niche differentiation among species on species abun-
dance distributions as compared to a neutral model. Forest com-
munity models can also use precise characterization of the
adaptive differentiation between species, either by considering

variation in demographic rates (Kohyama 1994; Favrichon
1997; Scheller et al. 2005), variation among functional groups
(Mailly et al. 2000; Boulangeat et al. 2014; Lasky et al. 2014),
or combining both types of variation (Kohyama 2006). Jansen
etal. (2012) used an age- and size-dependent integral projection
model with categorized individuals to study the persistence of
within-species iVa in growth performance and its demographic
consequences, but this model did not include heredity or
evolutionary mechanisms. Zuidema and Franco (2001) showed
the importance to consider demographic rate variability in ma-
trix population models, but their statistical approach does not
consider iVa as a target parameter of interest as such.

Demo-genetic models integrating demographic and evolu-
tionary processes Forest models that effectively account for
interference between demographic processes and trait
variation under genetic control are still scarce. Hoebee et al.
(2008) and Broadhurst et al. (2008) used a spatially explicit
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IBM, coupling demography and genetic variation for self-
incompatibility (thus interfering with reproduction), to study
small population viability in a shrub and tree species.
Kuparinen and Schurr (2007) and, later on, DiFazio et al.
(2012) studied transgene dispersal capacity in a forestry land-
scape by using spatially explicit IBMs with differential demo-
graphic rates for transgenic and normal trees
(seedling establishment probability, growth, reproduction
and mortality). Using a metapopulation model along an envi-
ronmental gradient, Soularue and Kremer (2012, 2014)
showed that different genetic clines result from the combina-
tion of assortative mating and selection. Moran and Ormond
(2015) developed a niche-structured forest dynamics model
for two ecotypes having different demographic rates with
monogenic inheritance. Forest demo-genetic models that inte-
grate quantitative genetic inheritance in demographic rates are
still missing.

Conclusion Integration of forest dynamics and quantitative
genetic models allows joint simulation of ecological and
evolutionary dynamics. Dunlop et al. (2009) called eco-
genetic modelling their approach to study the rate of multi-
trait evolution by including genetic details and demographic/
ecological feedback. Our literature review shows that eco- or
demo-genetic models are not used very much yet in the for-
estry domain, though in other domains (e.g. fish population
dynamics), they have shown their usefulness in generating
testable predictions on evolutionary dynamics and evaluating
alternative management strategies (Dunlop et al. 2009; Piou
and Prévost 2013).

Scientific challenges

The main challenge is to favour the development of these
demo-genetic models in the forestry domain, considering their
suitability to examine fitness evolution at a contemporary,
ecological timescale (few generations), and to highlight the
building up of fitness as resulting from demo-genetic feed-
back. Evolutionary quantitative gene models traditionally as-
sume a fixed relation between traits and fitness (e.g. Le Corre
and Kremer 2012). This fixed relationship is not a suitable
hypothesis under GC. Some authors have proposed modelling
climatic change as a temporal change in phenotypic optimum
(Polechova et al. 2009), but such an approach does not ac-
count for the change in the intensity and type of selection
related to the forest dynamics itself. By contrast, demo-
genetic models account for a feedback loop where (1) the
genetic diversity and its organization determines the demo-
graphic structure and population dynamics and (2) the de-
mographic structure and population dynamics drive genetic
drift, selection and gene flow, which in turn determine ge-
netic diversity and its organization. They do not assume
any fitness function a priori, but instead allow fitness to
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emerge as a consequence of the underlying population dy-
namics, through the integration of the genotype-
phenotype*, the phenotype-demography* and the demog-
raphy-fitness maps*. The flexibility of these maps makes
demo-genetic models suitable for a dynamic approach to
ongoing evolution. The genotype-phenotype map is deter-
mined by the factors and relations specified in the model,
and it is dynamically influenced by the local demographic
structure acting as an environmental factor (e.g. a good
genotype for reproduction will express differently in stands
of high or low density). The phenotype-demography map
directly emerges from the forest dynamics model and it is
dynamically influenced by the population structure and the
current diversity (i.e. a good genotype for reproduction will
have a low reproductive success if suppressed by competi-
tion with dominant trees).

Data source challenges

A major challenge to developing demo-genetic models is
to integrate heritable iVa for demographic rates in the
population dynamics model. The main difficulty is find-
ing data sources to estimate quantitative genetic parame-
ters for performances, in particular reproduction and sur-
vival: genetic variances and correlations, age effects, as
well as environmental impacts of local stand structure
(which will dynamically change in the model). The data
may come from controlled experiments, but controlled
experiments in genetics often do not explore the range
of environmental conditions effectively found in a forest
and are often limited to juvenile trees, whereas controlled
experiments in silviculture often do not explore the range
of genotypes. Alternatively, the data may come from in
situ approaches. Quantitative genetic parameters, such as
trait heritability, can be estimated from pedigree or par-
entage analysis combined with spatial statistics (Coltman
2005; Pemberton 2008). Pollen and seed dispersal func-
tions as well as individual fecundities can be jointly esti-
mated from inverse modelling approaches (Oddou-
Muratorio et al. 2018). Once quantitative genetic param-
eter estimates are available for the target tree population, a
virtual QTL decomposition approach is an efficient way
to simulate individual tree genotypes given the quantita-
tive genetic parameters not requiring more genomic
knowledge than the level of ploidy (Bost et al. 2001).
There is no major difficulty in integrating the rules that
determine the genotype-phenotype map in spatially ex-
plicit individual-based forest dynamics models. The rules
that determine the phenotype-demography map, e.g. the
effective reproductive success along the whole life of an
individual, directly emerge from the forest dynamics mod-
el with no other specific need.
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Integrating physiological, demographic
and evolutionary processes

State of the art

The synthesis between demo-genetic and physio-
demographic models has given rise to physio-demo-genetic
models, which allow individual variations in fitness and hence
opportunities for selection to emerge from physiologically
driven demography and genetic change in physiological pa-
rameters to be simulated across generations.

In a pioneer study, Kramer et al. (2008) coupled an eco-
physiological model with a quantitative genetic model to in-
vestigate the potential of adaptive response of a beech stand
for different traits (budburst phenology, spiral grain, height
growth), driven by explicit climatic variation. Kramer and
Van der Werf (2010) further underlined the power of such
models to predict consequences of ongoing CC and forest
management, e.g. non-stationary environments, on the func-
tioning and genetic composition of tree populations.

Oddou-Muratorio and Davi (2014) used a similar integra-
tive physio-demo-genetics model to examine the microevolu-
tion in the timing of budburst (TBB) along an altitudinal gra-
dient of European beech. Simulations showed that five gener-
ations were sufficient to develop non-monotonic genetic dif-
ferentiation in TBB along the local climatic gradient. In an-
other study along a latitudinal gradient of European beech,
Kramer et al. (2015) considered a two-phase model of
budburst phenology within a physio-demo-genetics model
and showed that the model reproduces patterns of genetic
differentiation in TBB observed in natural populations.

While these first approaches rely on quantitative genetics to
model the genetic architecture of adaptive traits, other ap-
proaches use game theory coupled with an ecophysiological
model to identify evolutionary stable strategies (ESS) for ma-
jor functional traits at community level. Dybzinski et al.
(2011) first proposed an analytical, tractable, IBM to predict
the ESS for allocation to foliage, wood and fine roots in trees
competing for light and nitrogen. Weng et al. (2015) then
coupled this game theory approach with an individual-based
DVM to investigate ESS for allocation at global scale and
accounting for height-structured competition in forest ecosys-
tems. Weng et al. (2017) used this integrative model to inves-
tigate the trade-off between carbon- and nitrogen-use efficien-
cy, and the resulting trade-off in functional traits such as leaf
mass per unit area and leaf lifetime. Falster et al. (2016) pro-
posed a similar framework, implemented in the R package
‘plant’.

Conclusion As expected, the number of publications describ-
ing physio-demo-genetic models (eight) was even lower than
those describing demo-genetic models. The reviewed physio-
demo-genetic all explicitly couple a model of trait variation

and inheritance with biophysical and demographic models. In
this way, they integrate not only the effects of external envi-
ronmental factors but also endogenous and dynamic factors
(e.g. stand structure), on the mortality and reproduction of
each individual. Although physio-demo-genetic models are
still scarce, their use is expected to increase.

Scientific challenges

First, a better integration of iVa has been identified as a major
priority for ecophysiological models (e.g. Berzaghi et al.
2019; Moran et al. 2016). Indeed, the parameters of ecophys-
iological PBMs have long been considered as fixed within a
species/PFT, while they are likely to vary between environ-
ments due to plastic response, and/or among individuals/
populations due to heritable genetic or epigenetic differences.
Moreover, iVa can have significant effects on simulations
with ecophysiological PBMs: an increasing number of studies
report that uncertainty on model parameter values is the major
cause of uncertainty, sometimes more important than that on
climate scenarios (Davi et al. 2006; Jiang et al. 2012; Collalti
et al. 2019). Sakschewski et al. (2016) showed that functional
trait iVa increases tropical forest resilience to environmental
change. The recent review by Berzaghi et al. (2019) distin-
guishes three ways through which iVa can be incorporated in
ecophysiological PBMs. First, these models usually already
account for plastic variation, through equations describing a
plastic response to a change in biotic and abiotic environment.
Secondly, genetic iVa can be incorporated by sampling values
of parameters in empirical distributions, considered as pre-
scribed in the model; this strategy may help to understand
the role of functional traits iVa in structuring plant communi-
ties, although it may fail to predict the role of iVa in the long
term. A third strategy is to model explicitly iVa as the result of
ecological and evolutionary processes, using the physio-
demo-genetic framework. Although computationally costly,
such approaches may be necessary, e.g. to evaluate the error
made when neglecting the heterogeneity and dynamics of
species traits in space and time.

Similarly, there is an increasing interest in incorporating
more details on the demographic dynamics and the
ecological and environmental context, into evolutionary
dynamics models. Donohue et al. (2015) highlight four main
interests of PBMs of plant development (e.g. phenological
model) to address different processes in evolutionary biology:
(i) their ability to link life stages across the life cycle in com-
plex environments; (ii) their ability to incorporate fitness con-
sequences of developmental timing; (iii) thanks to the cou-
pling with population ecology approach, the emerging ability
of incorporating population variance to investigate the mech-
anisms of inter-individual interactions; and (iv) thanks to the
incorporation of genetics, the emerging ability to predict
genotype-specific reaction norms and environmental-
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dependent genetic expression. These research perspectives ap-
ply more generally to the use of any physiological model in
evolutionary biology.

In conclusion, it is clear that integration is long overdue
between the physiological responses to the environment, the
demographic dynamics and the evolutionary dynamics in
PBMs. A methodological advantage for such integration is
that evolutionary dynamics, forest dynamics and biophysical
PBMs are usually made up of building blocks (submodels)
corresponding to major processes. One can thus assemble dif-
ferent pre-existing blocks from various PBMs, particularly
when these models are available on common modelling plat-
forms. This approach was used by Kramer et al. (2008) or
Oddou-Muratorio and Davi (2014). Although they focused
on a specific set of functional traits, their approach can, in
theory, be generalized to any functional traits controlled by
species-specific parameters in the ecophysiological model.
Note that PBMs combining ‘only’ physiological and genetic
processes, without demographic processes, are also of interest
in characterizing the genotype-phenotype-fitness map and
make a bridge between the demo-genetic and physio-
demographic PBMs.

Data source challenges

Besides the data-related challenges listed above for the other
two integrative models, a specific challenge in developing
physio-demo-genetic models is to integrate heritable iVa for
functional traits in ecophysiological models. The main prob-
lem is that the knowledge on plastic versus genetic variation of
functional or life-history traits is usually available in different
datasets because they are not studied by the same scientific
communities. Ecophysiologists’ databases may under-
evaluate the iVa of functional traits (e.g. when provenance
tests are based only on a few number of parents and neglect
the family structure in their experimental design) while genet-
icists” databases usually badly evaluate environmental condi-
tions relevant to the measured traits (for instance, water stress
intensity is not measured according to classical physiological
standards). However, these issues have been overcome in the
case of short-lived species (e.g. Amtz and Delph 2001; Geber
and Griffen 2003; Donovan et al. 2011), so we can hope they
will be solved in the case of trees (see Maherali et al. 2006).
Nested provenance/progeny tests provide an opportunity to
measure functional or life-history traits variation and disentan-
gle its components.

A roadmap for integrating ecophysiological,
demographic and/or evolutionary processes

This last section aims to guide ecological modellers to choose

the best option for integrating physiological, demographic
and/or evolutionary processes in a PBM. Central to this is
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the precise formulation of the focal issue to address with the
model, which should drive the choice of the processes to in-
tegrate, as well as the spatial and temporal resolution required
for iVa in these processes. Once the processes to integrate
have been chosen, some caution should be brought to evaluate
model complexity, and to choose the way the model can be
lined with data for calibration and validation.

Which type of integration for which issue?

While demographic-driven, physiological-driven or
evolutionary-driven modelling approaches remain pertinent
in many cases, some specific issues require the integration of
physiological, demographic and/or evolutionary processes
(Table 2).

Most importantly, the temporal scale over which the forest
dynamics needs to be simulated guides the choice of models
and processes to be integrated (Fig. 3). On the short timescale
of one tree generation, environmental factors and management
are the main drivers of the forest response, while the role of
evolutionary drivers of change increases at multi-generational
timescale. Physio-demographic models are suitable for issues
on short timescales (but possibly large spatial scales), such as
investigating the functional consequences of diversity, the de-
mographic impacts of functional traits combinations or the
forms of fitness landscapes (e.g. issues 1 or B in Table 2).
By contrast, demo-genetic or physio-demo-genetic models
are appropriate for issues related to phenotypic change over
a few generations, rather at a local scale, for instance to eval-
uate the plastic and genetic components of phenotypic change
(e.g. issues 3 or D in Table 2).

Different types of integration can often be used to address a
given issue. Simulated evolutionary rates under GC (e.g.
issues 2, E in Table 2) may differ when using a demo-
genetic PBM accounting for the heredity and selection of
life-history traits (such as growth rate, age at first reproduc-
tion), or a physio-demo-genetic PBM accounting for the he-
redity and selection of functional traits (such as vulnerability
to cavitation, water-use efficiency or frost resistance). This is
not only because the simulated evolutionary rates obviously
consider different traits but also because these approaches rely
on different hypotheses. In a physio-demo-genetic approach,
evolution is explicitly driven by climate and soil factors
through tree physiology, and possible trade-offs between
functional traits mediating tree response to climate variation
are part of the modelled physiological processes. In a demo-
genetic approach, the drivers of environmental change are
more abstracted and may be diverse (e.g. they can combine
different disturbances such a drought and biotic stresses).
Demo-genetic models bypass detailed knowledge of the
mechanisms of response, while physio-demo-genetic models
incorporate the known physiological mechanisms of response
but with higher computational cost.
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Table 2 Examples of key issues on forest adaptive response to GC
requiring some coupling between physiological, demographic and/or
evolutionary processes. The temporal scale (TS) of the studied response

can be within generation (wG) or among-generation (aG). Different levels
of spatial resolution of inter-individual variation (iVa) are distinguished
(from individual scale to PFTs, see Fig. 3)

Issues TS Required resolution for iVa
Society-driven issues
1 How can adaptive management practices, both in terms wG Individual/provenance/species/PFT
of choice of forest reproductive material and
silviculture, mitigate forest vulnerability to GC on
the short-term?
2 How can adaptive silviculture strategies mitigate forest aG Individual
tree populations’ vulnerability to GC on the
long-term?
3 What are the evolutionary costs and benefits of wG and aG Individual
adaptive silviculture strategies to GC at the forestry
timescale (~200 years)? How can we compromise
the short- and long-term costs and benefits of forest
management practices?
4 How will GC re-arrange the genetic variability in space wG or aG Individual or population

and time (from forest communities, to intraspecific
genetic diversity)? How GC will affect the power of
forestry practices?
5 How can forest management increase the resilience of
forest ecosystem services in the context of GC?
Science-driven issues

A How do plasticity and local adaptation respectively
shape the levels of phenotypic diversity and its
distribution within and among populations? How
may these patterns change under GC?

B How does phenotypic selection change under a
changing environment?

C What processes make the fundamental and realized
niches of a species different?

D What is the relative importance of rapid evolutionary
change versus plastic change in driving population
dynamics?

E How genetic diversity and evolution can mitigate the

vulnerability of a tree population to environmental
change and eventually rescue it from extinction?

wG or aG From individual to PFT
wG Individual or population
wG and aG Individual
wG Population
aG Individual
wG and aG Individual

Finally, the need to explicitly simulate the impact of forest
management practices on adaptation imposes integrating de-
mographic with either physiological or evolutionary process-
es. As detailed in Lefévre et al. (2014), most forestry practices
which impact the evolution and evolvability of forest popula-
tions consist of demographic control at stand or forest level
(e.g. through thinning, regeneration felling and forest plan-
ning, including rotation length). Furthermore, each single
practice has multiple impacts on the physiological and evolu-
tionary processes and interferes with other practices, and a
dynamic approach of these interactions is required. Hence,
integrating evolutionary considerations into adaptive forestry
practice can enhance the capacity of managed forests to re-
spond to climate-driven changes, and integrative PBMs are
appropriate tools to evaluate quantitatively the effects of
evolution-oriented forestry practices and to assist forest man-
agers in their implementation.

Which resolution of phenotypic variation is required?

Different spatial levels of resolution of the phenotypic varia-
tion can be considered: among plant functional types (PFT),
among species within communities, among provenances with-
in species, or among individuals within populations (Fig. 3).
The level of resolution should be appropriately chosen de-
pending on the issue. Another important choice concerns the
evolvability of phenotypic variation. For issues related to
levels and structure of diversity (e.g. issues 1 or B in
Table 2), phenotypic variation does not need to be evolvable
and can thus be fixed or randomly generated (e.g. trait values
can be drawn in empirical distributions). This is also done in
species distribution models (SDM) accounting for local adap-
tation and phenotypic plasticity in fitness-related traits
(Benito-Garzon et al. 2019). With these SDMs, the plastic
and genetic component of iVa at key adaptive traits is first
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TEMPORAL SCALE

Many generations
(millenia)

=>a matter of

evolutionary fundamental niche

E-Evolutionary rescue and evolution of the

Few generations

‘2—3—4 Long-term adaptive management impacts‘

(centuries)
=>a matter of
evolutionary

adaptive response

D- Role of microevolution and plasticity in

kinetics ‘

C- Fundamental vs realized species niche ‘

Within-generation ‘

1-5-Short-term adaptive management impacts (pure and mixed stands) ‘

(decades)
=>a matter of

B-Phenotypic selection and adaptive landscape

diversity

‘A— Impact of plasticity vs local adaptation on current levels of diversity and structure ‘

Among individuals within
A population

Fig. 3 The temporal scale and spatial resolution of inter-individual vari-
ability (iVa) required to address different issues related to adaptive dy-
namics of forest under environmental change. Letters and numbers refer
to issues listed in Table 2. At the bottom, the focus is on patterns and
dynamics of diversity over a short temporal scale (within generation),
which can be simulated using physio-demographic models. In the middle,

inferred from multi-site provenance tests, and then, the corre-
lation between phenotype and fitness (inferred from species
presence) over large-scale geographic gradients provides a
distribution of possible responses under future climates.
Eventually, the envelope of iVa can progressively erode while
some types locally go extinct, allowing a first level of tempo-
ral evolution.

By contrast, any question on a multi-generational timescale
requires the iVa to evolve dynamically, driven by the genetic
drift and selection processes which dynamically result from
the model. Three conditions are required for a model to reach
this level: (i) the model must be individual-based; (ii) the
model must describe the genetic architecture of the trait vari-
ation; and (iii) sexual reproduction processes must be included
in the demographic part of the model. For quantitative traits,
the ‘real’ genetic architecture is generally not known in trees;
it may even be considered as a kind of illusion since it changes
across environments and across populations. However, breed-
ing experience has shown that classical hypotheses in quanti-
tative genetics are robust; hence, based on such hypotheses,
there are solutions to simulate individual genotypes that opti-
mally fit the expected genetic parameters at population level
for model initialization. Models with evolvable iVa are also
more demanding than those with fixed variation.

How to integrate multiple processes while limiting
model’s complexity?

This review highlights how physio-demographic, demo-
genetic or physio-demo-genetic PBMs allow fitness to emerge
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the focus is on non-equilibrium dynamics of diversity over a few gener-
ations, which can be simulated using demo-genetic or physio-demo-
genetic models. At the top, the focus is on equilibrium dynamics of
diversity over many generations, for which demo-genetic models are
more appropriate

from the physiological or demographic response to environ-
mental variation, by considering explicitly interactions be-
tween the nested ecological demographic, or/and evolutionary
timescales. These emergent properties justify the use of a
complex, integrative model, if the question of interest requests
it (Table 3). However, critical to the development of integra-
tive models is the achievement of a balance between the
‘brute-force approach’ (sensu Levins 1966) that attempts to
integrate everything in over-complex models, and an over-
simplification that discards important biological diversity
and environmental heterogeneities at various levels. Levins
(1966) explained how describing most of the complexity of
interactions between individuals and environment leads to a
deadlock. He rather advised the choosing among three strate-
gies and making the ‘sacrifice’ of one property (between gen-
erality, accuracy and realism) to better save the other two. In
our opinion, despite the amount of data provided by observa-
tional and experimental networking and in spite of computing
power having increased, his criticism remains true. In partic-
ular, it is hardly possible to have both a ‘generic’ model ap-
plicable to a very broad number of situations and an ‘accurate’
model able to account for a particular situation.

For each general question and each particular ecological
system studied, it is first necessary to build the most cost-
effective representation and, therefore, to choose the appropri-
ate modelling tool, the processes to represent and the extent
and resolution of the spatial and temporal scales required. As
highlighted by Getz et al. (2018), the development of integra-
tive PBM should follow a set of model’s adequacy assessment
protocols, regarding the selection of state and control
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Table 3

Main features of the integrated demo-genetic, physio-demographic and physio-demo-genetic PBMs reviewed here

Strengths

Able to simulate non-stationary eco-evolutionary dynamics in a context of change

Account for complexity and contingency of ecological system

Useful both for corroboratory predictions and knowledge
building, and for horizon scanning and anticipatory
predictions

Opportunities
Increasing number of modelling platforms offering libraries of processes
Increasing amount of data and databases
Increasing computational power

Weaknesses
Require knowledge on multiple processes
High computational complexity
Complex validation and possible low predictability

Threats
Difficulty in evaluating the costs and benefits
of integrative PBMs as compared to other
modelling tools (simpler PBMs, correlative
approaches)

variables, the determinacy of data, and the sensitivity and
validation of model outputs. Care should be granted to im-
prove the model performances, using refinement or coarse-
graining procedures. Finally, an advantage of the integrative
PBMs considered in this review is that their results can and
should be compared with the simpler ecophysiological, demo-
graphic or evolutionary PBMs they derive from, to precisely
evaluate the change in model predictions resulting from pro-
cesses integration. This can be done by simulating baseline
scenarios without processes integration (e.g. Oddou-
Muratorio and Davi 2014).

From a methodological point of view, it would be best to be
able to build custom-made PBMs from libraries of processes
described on common modelling platforms, to parameterize
these PBMs from empirical databases and to evaluate their
outputs using other types of data. PBMs are useful to select
the most meaningful adaptive traits to work on (Aubin et al.
2016), through sensitivity analyses and the identification of
parameters which have a major effect.

How can we link integrative PBMs to data?

As illustrated in this review, the availability of experimental
data to calibrate and validate PBMs is challenging, particularly
for demographic and evolutionary processes. The development
of databases is definitely required to tackle these issues.
Overall, as compared to databases available for functional or
growth traits, databases on quantitative genetic parameters for
performance and functional traits lag behind (Table 1). Even
though a few reviews provided ranges of values of heritabilities,
genetic correlations or other parameters for some traits of inter-
est (Cornelius 1994; Hall et al. 2016; Lind et al. 2018), it is
urgent to strengthen the effort to assemble this information in
databases available to the community, along the line of H2DB
database (an annotation database of genetic heritability
estimates for humans and other species; Kaminuma et al.
2013). Moreover, the available empirical data generally refer
to past environmental conditions, and the few controlled exper-
iments aiming to test for future conditions in forest systems are
restricted to a very limited number of parameters (e.g. FACE

experiments: https://facedata.ornl.gov/facemds/). Hence, we
probably need new measurements both in natural and
controlled conditions meeting all of the standards of the
different involved disciplines.

Beyond the data needed to estimate model parameters, a
crucial issue is that of the sufficient availability of additional
data to carry out robust assessment of the reliability of the
integrative PBMs performances. Conceptual and methodolog-
ical issues related to ecological model validation have been
discussed elsewhere in a general way (Rykiel 1996). The
higher the number of processes included in any simulation
PBM, the more complex the validation is expected to be.
The core of this discussion is that the validation of an integra-
tive PBM may require the validation of both each submodel
involved in the coupling and also the interfaces between these
submodels. Validation based on the comparison of simulated
versus observation data may clearly be limited, in particular
due the paucity of data on tree response on an evolutionary
timescale. However, different types and criteria of validation
can be applied, depending on the data and understanding
available for the system being modelled (Rykiel 1996). In
the case of the integrative PBMs considered here, conceptual
validity, defined as the acceptable justification of the scientific
content of the model, may be more meaningful and useful
than data validity, defined as the demonstration that the
model can reproduce observation data. Berzaghi et al.
(2019) underlined that data can enter the model at different
levels—as inputs, as drivers, as priors on model parameters or
as model outputs. In this later case, inverse modelling ap-
proaches such as approximate Bayesian computation or other
methods are also useful tools to infer model parameters (Piou
et al. 2009; Hartig et al. 2011). Solving these calibration and
validation issues is crucial to determine the extent to which
the integrative PBMs can be considered as models for under-
standing, or considered as sufficiently reliable to allow
forecasting.

In the specific context of the demo-genetic and physio-
demo-genetic model considered here, the use of genomic data
for calibration of validation may raise (Rudman et al. 2018).
As far as trees are concerned, genomic approaches can
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contribute to the evaluation of target trait heritability in situ.
There is also room for demo-genetic and physio-demo-genetic
approaches to generate predictions on trait genetic architec-
ture, which may become testable through population geno-
mics approaches. Moreover, because most adaptive traits in
trees are highly polygenic (Alberto et al. 2013), the quantita-
tive genetic model provides an efficient framework to repre-
sent the genetic architecture of relevant traits for calibrating
PBMs.

Conclusions

The physio-demographic, demo-genetic and physio-demo-
genetic PBMs reviewed here rely on the assembly of multiple
components interacting with each other. We argue that such
models are useful for corroboratory predictions and knowl-
edge building in basic science on the one hand and for antic-
ipatory predictions and horizon scanning of possible future
scenarios in applied science on the other hand (Maris et al.
2018). Regarding corroboratory predictions, the main advan-
tage of integrative models is first to explicitly tackle the com-
plexity of ecological systems. Moreover, accounting for iVa
in physiological and demographic processes also allows for
the addressing of the historical contingency of ecological sys-
tems related to their evolutionary history. Integrative PBMs
could thus contribute to the removal of these two major ob-
stacles for corroboratory predictions and thereby improve our
understanding of ecosystem response to GC.

By shedding light on the interactions between forest
functions, forest dynamics and forest genetic diversity, in-
tegrative models improve our understanding of the dynam-
ic response to GC. In doing so, they also reveal new com-
plexities, which can be seen as disturbing for anticipatory
predictions and decision-making. However, we claim that
these models are necessary and useful in the context of GC,
when a major issue for forestry is to cope with multiple
uncertainties: both short-term and long-term impacts of
current decisions must be considered jointly, and adaptive
management strategies are emerging (see Yousefpour et al.
2012 for a review). Moreover, as pointed out by Maris
et al. (2018), we argue that the need for answers to these
pressing environmental problems cannot wait for the cor-
roboratory predictive powers of theory to be improved.
Following such strategies, these models should be used in
horizon scanning and exploratory scenario approaches
(Moran-Ordoéiiez et al. 2019), rather than attempts at a sin-
gle future forecast. These models will also be useful in
assessing the possible impacts of previous decisions in
the adaptive management loop. We have also shown that
there are multiple ways to integrate eco-evolutionary pro-
cesses, and each type of model provides part of the knowl-
edge. It is important that the scientific communities who
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develop these different ways of eco-evolutionary integra-
tion continue their dialogue and do not diverge completely,
because accompanying methods to deal with the plurality
of predictions are also required.
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Glossary

Adaptive or evolutionary dynamics : the regime of change
in the genetic composition of a population across generations.
Demographic (or vital) rates : refer to how fast
demographic statistics (e.g. the number of death and births)
change in a population. At population level, they are usually
expressed as number (of deaths, or birth) scaled by population
size and expressed per unit of time. They can also be
expressed at cohort or individual level, as individual
probabilities per unit of time (e.g. age-specific survival prob-
ability or expected fecundity). Demographic rates are the
outcomes of the interaction between traits (e.g. size) and en-
vironment.

Fitness: the number of offspring produced by a given
phenotype or genotype over its lifetime that reach maturity.
Genetic adaptation : genetic response of a population to
selection through changes in DNA sequence between
generations, resulting in phenotypic change and increasing
fitness.

Life-history trait : an individual characteristic contributing
to life-history strategy (i.e. a change in that trait creates the
most significant difference in fitness). Major life-history traits
are size at birth, growth rate, age and size at maturity, number
and size of offspring, age- and size-specific reproductive in-
vestments.

Functional trait: any observable characteristic of an
individual, including morphological, physiological or
phenological characteristics, which influences the
demographic and reproductive performances or ecological
functions of this plant.

Performance: an individual characteristic recognized as good
proxy of the survival or reproductive components of fitness. In
trees, growth is often used as a predictor of survival, while
characteristics such as seed output and seed mass are usually
considered as good proxies of fecundity. Population ecologists
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often consider these plant performances as demographic/vital
rates, while evolutionary ecologists consider them as life-
history traits.

Phenotypic plasticity: the phenomenon of the same genotype
producing different phenotypes in response to different
environmental stimuli.

Population dynamics : the regime of change in demographic
composition (size, age structure) through time.
Process-based

(or mechanistic) model: models that characterize the
dynamics of a system (through the description of its internal
mechanisms) as explicit functions of component parts and
their associated actions and interactions.

Resistance: capacity of a population or an individual to
remain stable and limit the negative impact of an external
pressure.

Resilience: in a strict sense, it is the capacity of a population or
an individual to persist to an external pressure despite
response changes (persistent unstable system); in a broad
sense, it also includes resistance.

The genotype-phenotype-

fitness map: is a composite framework proposed by Coulson
et al. (2006) that maps different levels of biological diversity
onto one another. Each individual map is environment-de-
pendent, and the integrative PBMs integrate the fact that part
of the environment dynamically evolves with the demo-
graphic structure (Fig. 2). It includes three components:
*The genotype-phenotype map: specifies the link between
alleles, the proteins they code for and phenotypic traits. The
genotype-phenotype map potentially includes epistatic inter-
actions among several genes on a single trait or pleiotropic
effect of a single gene on several traits (pleiotropy can result
dynamically from the model).

*The phenotype-demography map: describes the changes
in the values of demographic rates resulting from changes in
the values of the traits. Its aim is to identify the association
between the value of a phenotypic trait and the probability of
an individual expressing that trait value surviving,
reproducing or dispersing. It accounts for phenotype-by-
environment interactions. The associations between a// traits
and all demographic rates ultimately describes population
growth (the mean demography). The phenotype-demography
map may include functional effects comparable to genetic
epistasis (interaction effects of several traits on a single de-
mographic rate) or pleiotropy (multiple effects of a single trait
on several demographic rates).

*The demography-fitness map : describes the way that trait
variation contributes to individual variation in fitness via
demography and hence provides opportunity for selection.
The original formulation by Coulson et al. (2006) relates to
mean fitness, i.e. population growth rate in the matrix popu-
lations models’ framework.
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