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Chapter 1. Introduction

The word ecology comes from the Greek “oikos”, which translates to “home” or
“living place” and defines the study of interactions of organisms with both their biotic and
abiotic environment. This concept introduced by Haeckel in 1866 delineated a branch of
biological science comprised of older works of botanists and zoologists alike that seek to
understand not only their studied organisms and their habitats, but also how the environment
shaped their behavior and geographical distribution (Flahault, 1893; Humboldt, 1805;
Mclntosh, 1985).

Founding works of ecology include - but are not limited to - the geography of plants
by Humboldt (1805), the systematic naming introduced by Linnaeus (1758), and the concept
of ecosystems described by Tansley (1939). Ecology was still considered a “soft” and
descriptive science unable to answer practical problems at that time. Hutchison, “the father
of modern ecology” and works that came after his (Hutchinson, 1957; Leibold et al., 2004;
Lomolino, 2000) helped ground ecology as a “hard” science with the inclusion of theories,
hypothesis testing and mathematics. This would be a fertile soil for both theoretical and
applied ecology to form, the former seeks to understand and create theoretical backgrounds
used by the latter to describe and study ecosystems empirically.

From the early 1900 to these days, the continuous development of monitoring,
experimental and statistical methods led ecology and its subdisciplines to become one major
medium by which we understand the interaction between ecosystems and the novel
environments human activities create (Thuiller, 2007; Vitousek, 1994). This role took ecology
into the public debate and policy-making. Indeed, nature protection was associated with
ecology as early as the foundation of the ESA in 1915, hence coining the word ecology in the
political term. While advancing theories and knowledge is independent of the context,
ecologists now also seek to produce timely research that respond to the challenges society
is facing (Marchetti et al., 2023; Schmitz, 2016).

This puts ecologist in a satisfying position where they get to satiate their scientific
curiosity while holding true to their ideologies. In concrete terms, during my PhD thesis | got
the chance to align different search of meanings; the literal search of meanings that
constitutes science and the desire to meaningfully influence society according to my belief
of a sustainable world. This holds true under the naive, but necessary, assumption that a
betterment of scientific knowledge will be used to steer the world in a more viable direction.
What is certain is that the curiosity sparked by scientific discoveries will outlive the context
during this thesis was written.
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1.1. General Context

1.1.1. Global Changes

The ever-developing human population need for resources and space has led to
tremendous changes in the earth system at a global scale (Ellis et al., 2021). These changes
are materialized by the transformation of wildlands to cultivated and inhabited spaces, the
alteration of the biogeochemical cycles by combustion of fossil fuels and gas emissions
through agriculture and the overexploitation of finite resources (IPCC, 2021a; MA, 2005; Nath
et al., 2021; Scholes et al., 2018). The results of the increase of greenhouse gas
concentration are the rise of air temperature, acidification of oceans, which consequently
causes a loss of all kinds of biodiversity.

What sets apart these changes from the previous planetary geological changes is their
pace, measured in decades instead of millions of years (Ellis et al., 2021). This comparison
with geological cycles has led geologists to consider global changes as a new geological epoch
named “Anthropocene” instead of viewing it as a biotic crisis (Waters et al., 2016). While
this discussion is not settled, there are multiple evidences of geological footprints of human
activities and the crossing of 6 out of the 9 “earth boundaries” (Armstrong McKay et al.,
2022; Richardson et al., 2023). Crossing a boundary illustrates the non-linearity of global
change impacts, after a crossing, biodiversity and ecosystem functions will be harder, if not
impossible to recover (e.g. loss of biodiversity, greenhouse gases, Lenton et al., 2019).
Among the drivers of biodiversity loss, global warming attracts most of the media coverage,
and along with land use changes, is widely studied for its relevance in understanding past
and current biodiversity loss (Ellis et al., 2021; Sala et al., 2012).

1.1.2. Global Warming

The increase of greenhouse gas (GHG) concentration in the atmosphere results in
more radiative heat being retained at the surface and thus air temperature rises (Figure
1-1). The global surface temperature of the 2010-2020 period is estimated to be 1.09 °C (c.i.
0.95 to 1.20) higher than the reference period of 1850-1900 (IPCC, 2021a). Lands warmed
faster than oceans, with an increase of 1.59 °C (c.i. 1.34 to 1.83), but the rise within lands
is not homogenous and already warmer or extremely cold places tend to warm faster. The
rise in temperature has been faster in the last 50 years than in any other period on record
(IPCC, 2021a). The rise of mean temperature has profound implications for ecologically
relevant metrics such as growing degree days, freezing degree days, duration of snow cover,
length of the growing season but also implies an increase in frequency and intensity of
extreme events that should not be undermined (IPCC, 2021a). For example, drought and
heatwaves are more likely to cause tree dieback than a gradual rise in mean temperature.
Less is known about the change in precipitation, but its regime is expected to be more
variable and extreme, and soil moisture will likely decrease in various areas worldwide like
in south and central Europe (IPCC, 2021a). The projected and theorized trends of greenhouse
gas emission allow predicting future temperature trends (IPCC, 2021a). Those future
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temperature increases for the period 2081-2100 compared to the 1850-1900 reference period
are predicted to fall between +1.4 °C to +4.4°C for the lowest and highest GHG emission
scenarios, with an intermediate prediction of +2.7°C (IPCC, 2021a).
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Figure 1-1: (a) Surface temperature anomaly of land (brown), ocean (blue) combined (black)
to a reference period of 1986-2005 (b) Evolution of the three main greenhouse gas
concentrations, from (IPCC, 2014).

1.1.3. Land use changes and habitat fragmentation

Humans have shaped landscapes as early as 12,000 years ago to this day by an
increase of land uses where agriculture, pasture, inhabitation, and wildlands coexist (Figure
1-2). This diversification of land use types does not inherently cause biodiversity loss,
heterogenous landscapes can offer more diverse habitats and resilience against extreme
events (Fischer et al., 2006; Oliver et al., 2015; Stein et al., 2014). What really causes land
use change to be one of the main drivers of biodiversity loss is the recent intensification of
agriculture and urbanization that comes with biotic homogenization, the use of chemical
control and the loss and fragmentation of unique habitats for species (Ellis et al., 2021;
Kettle & Koh, 2014; Scholes et al., 2018). Habitat loss increases species extinction risk when
the critical surface to sustain a population is not met (Fahrig et al., 2019; Haddad et al.,
2015; Watling et al., 2020). Habitat fragmentation (when an even amount of habitat is
spread and less connected) can exacerbate this risk by reducing connectivity within
populations and limiting the migration capacities of species (Auffret et al., 2017; Dullinger
et al., 2015; Honnay et al., 2002). In that regard,
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Europe is a telling example of human footprint on landscapes as its intensive usage
of land is traced back to 2,000 years, a sharp contrast with continents such as North America
whose land has been intensively at the start of the 19*" century (Ellis et al., 2021). As a
result, European forests (cover around 35% of the territory) are to forest fragmentation due
to past logging and the current mosaic of forest and cropland and 70% of landscapes with
forests display poorly connected forests, and 40% of the forest surface is located within
100 m of an agricultural area (IES et al., 2013, Figure 1-2-C)
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Figure 1-2: (A): map of anthromes; human created biomes (B): Evolution in anthromes
relative areas through time, in accordance with human population change (red line) (C):
Evolution of anthromes relative area of the Temperate woodland biome of the European

region. Adapted from (Ellis et al., 2021).

1.1.4. Biodiversity Loss

The consequence of the above-mentioned global changes on biodiversity and
ecosystems is first outlined in detail in the Millennium Ecosystem Assessment (MA, 2005).
This assessment concluded that human activities unambiguously increased extinction rates
of species, by up to three orders of magnitude in the last 100 years (Ceballos et al., 2015;

Chapter 1



MA, 2005; Wiens, 2016). This trend did not stop as 16% of species are under extinction threat
(Urban, 2015). Specifically for plant species, that risk increases to 39%.

Global extinction of species is not the only way to lose biodiversity, local diversity -
the one humans interact with - is also subject to changes without the permanent loss of a
species. Local diversity can decrease with local extinctions of species and through the
process of biotic homogenization (also known as biotic simplification), where local
communities become more similar because of the spread of common species (generally
ubiquitous or dependent on human activities) or the loss of rare species (McKinney &
Lockwood, 2001, 2001; Olden & Rooney, 2006).

The erosion of biodiversity is a major conservation challenge per se but also induces
adverse effects on human well-being via the loss of ecosystem services (Brockerhoff et al.,
2017; Diaz et al., 2018; Gamfeldt et al., 2013; Gilliam, 2007). Primary productivity,
resilience and resistance to extreme events, pollination, water cycle regulation and esthetic
qualities are all ecosystem functions and services threatened by the simplification of
communities. Consequently, understanding drivers of community changes (Hooper et al.,
2005; Socolar et al., 2016; Mori et al., 2018) is of utmost importance. The synthesis of
existing knowledge and research gaps to human impacts on communities (and ultimately
their diversity) will be developed through the definition of its essential component: species
(1.2) and how (abiotic, biotic, geographic) factors influence them (1.3), in a forest
understory context.

1.2. From the species to the community
1.2.1. Species ecological niche and geographical range
1.2.1.1. The concept of the ecological niche

The “survival of the fittest” principle proposed by Darwin allowed naturalists to
explain species apparitions and extinction and their diversity, as diverse as the habitat Earth
offers. This principle, however, failed to explain the coexistence of several organisms in the
same habitat, as the less competitive one would eventually go extinct. The niche concepts
emerged as an explanatory theory to coexistence, where each species would fill non-
overlapping needs (for spaces or resources), reducing interspecific competition. The
ecological niche has gone through several definitions, from being a characteristic of the
environment to an essential part of species (Pocheville, 2015).

The definition of the niche adopted throughout this manuscript is the one proposed
by Hutchinson (1957), where the niche is an intrinsic species characteristic represented by
an n-dimensional volume, each dimension represents a resource or environmental condition.
This hypervolume is the fundamental niche of a species, it survives (i.e. reproduction and
growth rates higher than death rates) within it. However, extrinsic phenomena such as inter-
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specific interactions can greatly reduce the fundamental niche to the one we empirically
observe in nature, the realized niche (Figure 1-3).

The need for an extrinsic influence to explain the realized niche leaves the
Hutchinson definition unsatisfactory, a later proposition by Chase & Leibold, (2003)
reconciled the niche definition with a framework where the environment influences the
species and the species influences the environment, this newer framework, however, is out
of the scope of this thesis.

The estimation of the realized niche relies on statistical methods that creates bell-
shaped curves as in Figure 1-3. As a result, a niche optimum can be derived from the curve,
where the probability of occurrence is maximized. It is important to note that this statistical
property is rarely observed in nature, species population and abundance are evenly spread
within the realized niche space (Martinez-Meyer et al., 2013; Matthews & Whittaker, 2015;
Soberodn et al., 2018; Soberdn & Nakamura, 2009). The shape of the estimated niche around
the optimum varies too, a specialist species that evolved to fit a specific niche will display
a tight niche around its optimum whereas generalist species present wide realized niches
with no marked optimum.
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Figure 1-3: Illustration of a one (a) and two (b) dimensional niche, the y-axis (a) or the
concentric circle (b) represents the probability of occurrence of a species (i.e. how much it
strives) under one or two theoretical environmental condition. The fundamental and
realized niches are differentiated, as biotic interactions determine the realized niche.
Facilitation by other species allowing a species to thrive (having a realized niche) outside
of its fundamental niche is not shown.

The estimation of species optima to certain conditions (such as climate, soil pH etc.)
leads to the development of bioindication methods, where the niche concept is reversed to
estimate environmental properties from biological surveys (Gégout et al., 2005). Niches and

n Chapter 1




their optima serve as reliable indicators of species affinity to climate (Soberdn & Peterson,
2005; Vangansbeke et al., 2021). The thermal niche of the species will be extensively studied
throughout this manuscript, thus considering only one of the dimensions proposed by
Hutchinson. We will, however, often refer to possible correlations with unmeasured
dimensions of the niches, thermal optimum and drought tolerance for example. As an
important reminder, the estimation of species optima is only a correlative attempt to obtain
physiological tolerances of species. While there is an increasing number of true
measurements of species tolerances (e.g. lethal temperature, Lancaster & Humphreys,
2020), these data are still scarcer than optimum, we choose not to rely on them to keep a
wider set of studied species, but we will discussion the implications of such measurements.

1.2.1.2. Species Range

A species range is defined as the geographical space where its individuals and
population are found and is conditioned by its ecological niche (Figure 1-4). In other words,
it is the delineation of space with the suits of conditions that allows the survival of the
species (Soberon & Peterson, 2005). However, the range - mentioned earlier as the realized
niche - is also the product of geographic accessibility and biotic interactions. For example,
locally adapted competitive species (i.e. close to their optimum) can exert unsustainable
competition to species straying far from their optimal, reducing the size of their expected
range size (Boulangeat et al., 2012; Sanczuk et al., 2022).

The geographical accessibility criterion poses that range is also a product of species
dispersal and historical distribution. Species are ultimately limited in their dispersal
capacities; some suitable areas may never or only slowly be colonized. Trees in Europe may
have not recovered their full potential range following the last glaciation due to their slow
lifecycle and dispersal capacities (Svenning & Skov, 2004). This ongoing slow march toward
the North illustrates the difficulty of determining if a species niche reached its expected
range, thus at equilibrium with climate. Studies of past and current range of species are in
part motivated by the likely disequilibrium that contemporary global warming will inflict on
species (Svenning & Sandel, 2013).
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Figure 1-4: The range (a) and the corresponding realized temperature niche (b) of three
species with different climatic adaptations. The three species are Trientalis europaea
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(blue), Polygonatum multiflorum (green) and Ruscus aculeatus (red). The minimum and
maximum May temperature of Polygonatum multiflorum range are also displayed. From
(Vangansbeke et al., 2021).

1.2.2. Species shifts under environmental changes
1.2.2.1. Niche Conservatism

As species ranges are the result of the equilibrium between the environment and the
population dynamics, a change in the environmental conditions should shift species ranges
accordingly. For this intuitive reasoning to be observed, however, an assumption should hold
true. Species must conserve, at least partly, their niche through time and generations. The
history of trade-offs and adaptations species have gone through to fit a given niche is
ultimately stored in the genome of a species. The time needed for mutations and gene flows
to alter the genome, thus the fundamental niche, far exceeds contemporary changes in
climate (including the last glacial maximum that occurred c. 20,000 years ago, Peterson,
2011; Wasof et al., 2015; Wiens et al., 2010). The niche conservatism assumption is also
supported by species populations seeking to actively avoid new environmental conditions in
order to maintain their actual niche over time (Pyron et al., 2015). The niche conservatism
is still under debate as the previously cited studies might have addressed realized niche
conservatism, whereas the ongoing environmental changes could instead open unexplored
dimensions of the fundamental niche of a species (Pearman et al., 2008; Veloz et al., 2012).
The work presented in this thesis follows the assumption of niche conservatism but provides
alternate interpretations of how plasticity and local adaptation (that originate from the
fundamental niche) could affect the reported results.

1.2.2.2. Environmental changes and species shift

A shift in environmental conditions will ultimately lead to a disequilibrium between
a species range and its niche. Conveniently, environmental change such as climate warming
can also be represented spatially via the shift of isotherms in space. Thus, the isotherms
delineating a species range are expected to shift; populations of the trailing (or warm) edge
of the range are expected to decline whereas previously unoccupied spaces of the leading
(or cold) range are expected to be colonized by the species (Lenoir & Svenning, 2015;
Svenning & Sandel, 2013). A species range shift is thus a product of those extinction and
colonization dynamics, which may be linked to species functional traits (Angert et al., 2011).
Species resistance to extinction (persistence in Figure 1-5) dictates whether the trailing edge
retracts or not during the shift. A species’ ability to migrate dictates how the leading edge
is colonized, a species with sufficient colonization rates will have a “march” or “expand”
range shift (Figure 1-5), and an intermediate colonization rate leads to leaned or retracted
ranges (Figure 1-5). Conversely, species with insufficient colonization rates are the most at
risk of extinction (Figure 1-5, Lenoir & Svenning, 2015).
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Figure 1-5: Conceptual illustration of several expected range shifts of species. The expected
range shift types are contingent on species abilities to track climate shifts (SMR) and species
abilities to resist to the new conditions (SPR). The gray bell curve represents the
environmental condition within the species range before the period of change. The dotted
red bell curve represents the expected condition within the new species range under a
simplistic assumption of a perfectly tracked shift from the species. From (Lenoir &
Svenning, 2015).

Intrinsic species traits are not sufficient to explain range shifts completely, the
spatial configuration and velocity of isotherm shifts can greatly vary (Loarie et al., 2009;
Serra-Diaz et al., 2014). Range shifts are more likely to be complete where distances needed
to track shifting isotherms are low, such as mountain ranges where 100 meters of upward
shift corresponds to a 0.6 °C cooling in mean annual temperature (Bertrand et al., 2011;
Rolland, 2003).

1.2.3. From the Species to the Community
1.2.3.1. Ecological Communities

Communities are the assembly of populations of different species in a given place
and time made possible by the heterogeneity of niches and habitats. Community ecology is
concerned with what biotic and abiotic factors drive the different assemblage of species,
their diversity and their functionality (Leibold et al., 2004; Mittelbach & McGill, 2019; Morin,
2009; Vellend, 2010). The process of community assembly is frequently explained through a
sequential filtering analogy, with the initial step being the regional filter: the community
location should be within a species geographical range or accessible from the range. But
every species in range of the community does not get to part of the assemblage as they need
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to traverse the abiotic filtering. The local conditions (such as soil pH, moisture,
temperature, light availability, etc.) exclude most candidate species in the same fashion
their niche dictates their range. Lastly, biotic interactions can filter some species through
competition for resources or predation (Kraft et al., 2015).

This metaphor falls short for distinguishing abiotic from biotic interactions when used
in empirical studies, and it undermines the importance of stochastic events in shaping the
community (Kraft et al., 2015). More broadly, the community is a dynamic constantly
reshuffled by both stochastic and deterministic extinction (sensu local extinction) and
colonization of new species. Communities are indeed interconnected and the upscaled
framework of meta-communities, as highlighted in detail in (Leibold & Chase, 2017). One
notable example of meta-community structure is the “source-sink” dynamics. A sustainable
population can disperse individuals to “sink” sites - sites that cannot sustain local
populations without this immigration (Pulliam, 1988). This allows individuals to be found
outside of the expected range (i.e. where the populations are self-sustained) and blurs the
realized niche calculation (Pulliam, 2000).

1.2.3.2. Community Affinity to Climate

Among the several ways to summarize a community - mean of functional traits,
tolerances, niche optima -, the average thermal optimum is increasingly used. As thermal
optimum is computed from the realized niche of a species (Figure 1-4), it is measured in
Celsius degree (°C) and allows a comparison with current and change in climate (Bertrand
et al., 2011; Vangansbeke et al., 2021). Among the multiple filters of community assembly,
the average thermal optimum allows studying the climatic dimension of the environmental
filter. Thus, changes in average thermal optimum are likely to be the result of changes in
community assembly process induced by climate change.

This metric can also be perceived as a summary of the niche and biogeographic origin
of the recorded species. As such, it should be used to bioindicates local temperatures with
caution (Marrec et al., 2022). Thermal optimum is a metric that does not consider the width
of the species niche and the uncertainties of the mean annual temperature within a species
range. Some methods aim to account for the dispersal around the optimum and aggregate
species thermal optima at the community level (De Frenne et al., 2013; Rodriguez-Sanchez
et al., 2012). Another unforeseen confounding effect of such metrics is the possible
correlation between thermal optimum and other environmental conditions. For instance,
European plant species that have evolved to thrive in cold climates have also faced
conditions involving nutrient-poor soil, often associated with humus generated by conifer
needles. Consequently, these cold-adapted species may exhibit a higher degree of
adaptation to acidic soils (Ewald, 2003).
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1.2.4. Thermophilization of Communities

The colonization and extinction-induced reshuffling of communities can be
directional and linked to environmental changes. Climate warming is ought to cause the
thermophilization of communities, the increment through time of its average thermal
optimum (De Frenne et al., 2013). Thermophilization can be perceived as the community
scale observation of the range shifts described earlier (c.f. 1.2.2) as it can be a product of
both colonization and local extinction. Evidence of plant communities thermophilization is
now widespread and spans different biomes. Slow-responding tree assemblage of North
America experiences thermophilization rates of 0.003 °C yr' (Brice et al., 2019; Rosenblad
et al., 2023), whereas the thermophilization of the more dynamic understory communities
is consistently estimated at 0.01°c yr' (De Frenne et al., 2013; Govaert et al., 2021; Richard
et al., 2021). The unit of the thermophilization being °C yr, it is comparable to climate
change measurements. As such, analogous to range and isotherms shifts, communities can
be considered at equilibrium when their current thermal optimum or thermophilization
corresponds to the current climate and its warming rate (Figure 1-6).

Equilibrium is, however, rarely observed in response to the recent rise in
temperature, thermophilization rates of 0.01°C yr™' lag behind the rate of climate warming
of 0.025°C yr' (Bertrand et al., 2011; De Frenne et al., 2013; Dietz et al., 2020). This
disequilibrium is, however, not uniform in space: due to warmer baseline and increase in
climate Mediterranean communities are experiencing higher climatic debt (Bertrand, 2019;
Bertrand et al., 2016). Lags in thermophilization are also linked with the velocity of climate
change: places warming at faster rates will display larger lags, supporting the idea that
species colonization velocity cannot be fastened by climate (Pacheco-Riano et al., 2023;
Serra-Diaz et al., 2014).
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Figure 1-6: Temperature (red) and community mean optimum (green) reconstructed trends

between 1965 and 2008 in lowland (a) and mountain forests (b). The dashed line delineates

the contemporary warming, marked differences between the two trends mean a high

climatic debt. From (Bertrand et al., 2011).
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1.2.5. The blind spot of thermophilization
1.2.5.1. What are the driving community dynamics?

The observation of a disequilibrium between communities and climate has also been
coined “climatic debt”. The term climatic debt implies that communities will have to
“repay” to return to equilibrium by either including new warm-adapted species or by the
extinction of the now ill-adapted cold climate species (Vaughan & Gotelli, 2021). However,
without a clear distinction of which “repayment” process is at play, authors’ interpretations
of thermophilization (reducing climatic debt) should be considered with caution. Authors
often refers to thermophilization as a reshuffling toward communities adapted to warmer
climate (Bertrand et al., 2011; De Frenne et al., 2013; Dietz et al., 2020; Pérez-Navarro et
al., 2021), but thermophilization as a measure obfuscates which process happened.
Thermophilization could also only be the product of cold-adapted species extinctions, as
hinted by recent studies documenting species range contraction and local extinctions (Jandt
et al., 2022; Kuhn, 2016; Kuhn & Gégout, 2019; Watts et al., 2022; Wiens, 2016). In other
words, very different ecological processes are at play: colonization depends especially on a
species reproductive cycle, and ability to disperse and establish (that be facilitated by
climate changes). Extinction, on the other hand, depends first on the conditions experienced
by the individuals and their longevity and ability to tolerate the stress (Comte et al., 2014).

1.2.5.2. Thermophilization reflects adaptation or erosion?

Adaptation initially refers to the evolutionary process that allows species of all kinds
to fit their contemporary environment. This concept can be stretched to the community as
the individuals comprising it need to maintain enough functions (growth, flowering, seed
dispersal, etc) to survive, leading to a striving community (Figure 1-7). The relationship
between plant performance relative to species optimum found by Wei et al., (2024), is yet
to be confirmed on a larger set of species, but demonstrates that a species located in its
warm edge loses performance, and contributes less to the functioning of its community.
Thus, under a niche conservatism assumption, a community is ‘adapting’ if newly arriving
species are adapted to the new conditions, in our case, if they are warm-adapted (Wei et
al., 2024). An extinction-driven colonization however reflects a loss of function that
ultimately leads to the removal of now ill-adapted species, and an erosion of the community
(Landuyt et al., 2019). Our definition of adaptation and erosion is however incomplete: by
focusing on the relative position of species’ optimum in relation to current and future
climate, we ignore evolutionary adaptation and plasticity, and this further constrains the
analysis of species whose optimum is available. The potential erosion caused by extinction,
rather by adaptation from colonization, of the community further illustrates the need to
partition the driving force of thermophilization, as a losses of species will materialize into a
loss of local diversity that can be upscaled to a loss of landscape or biome-wide diversity.
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Figure 1-7: Plant performances (height, growth, flowering, etc.) as a function of the
difference between their thermal optima and the actual climate. When ATniche >>0, the
species is in its cold edge (its performances increase with climate warming), when ATniche
<0, the species is in its warm edge and its performance decreases. Theorized and measured
in a small subset of plants by (Wei et al., 2024)

1.2.5.3. What is the link between thermophilization and
change in diversity?

Summarizing communities to a mean thermal optimum also blurs the line between
thermophilization and diversity metrics. The quantification of colonization-extinction
processes leads to straightforward interpretations of change in local diversity (a-diversity)
that can be either increased or decreased accordingly. This observation particularly holds
true in high mountain ecosystems, where climate warming pushes species and diversity
upwards in previously poor or unoccupied sites (Staude et al., 2022; Steinbauer et al., 2018).
However, other dimensions of biodiversity could be more evasively affected, the selective
process of thermophilization could decrease B-diversity and ultimately trigger biotic
homogenization. The joint increase of warm-adapted species and the extinction of unique
cold-adapted species increases the similarity between communities (Tatsumi et al., 2021).
Ubiquitous observations of plant community thermophilization call for studies of links to the
evolution of local and B-diversity to put them in the perspective of conservation biology
(Socolar et al., 2016).

1.2.5.4. What is the geographical scale of
thermophilization?

Thermophilization is a metric and a process mostly documented at the community
level but can be applied to different scales to address different questions. Thermal optima
of species is also used as an explanatory factor of range shifts (Duchenne et al., 2021).
Thermophilization can be determined separately for protected areas and differing
ecoregions (lowland from mountains) and land-use types (Kiebacher et al., 2023;
Maciejewski et al., 2020). Upscaling thermophilization from the community scale allows
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uncovering different processes. Indeed, dynamics at a landscape scale can detect an
absolute decrease or increase of species occurrence as a result of thermophilization, or no
change in occurrence if the species is unaffected or tracks the warming climate fast enough.
The biosphere has been partitioned into landscapes of different sizes, from biomes to
ecoregions to habitats, these landscapes can then be used to upscale the findings of the
community-focused thermophilization. For example, French forest classification offers a
partitioning of the territory into 85 forest ecoregions, this scale of landscape allows testing
the balance of colonizing and locally extinct species and serves as an intermediary scale
between communities and Europe-wide ecoregions.

1.3. The multiplicity of scale of global change impacts on
communities.

1.3.1. The meaning of scale in ecology

The delineation of scale in ecology and biodiversity studies is a long going question
because in the absence of general laws governing the upscaling or downscaling of observed
patterns, two concerns arise: Global circulation models, macroclimatic predictions and
warming projections are all global scale variables that assume homogenous conditions within
kilometers to hundreds of kilometers grids. This spatial resolution hinders the accurate
prediction of impacts at scales relevant to communities or forest patches, which depend on
local processes competition and microclimate (Figure 1-8, Levin, 1992). Conversely, most
studies able to capture fine-grained variation through field sampling of communities,
microscale climate variables and a refined measurement of biotic and abiotic interactions
are inherently limited to small geographical scales. These smaller-scale studies do not cover
enough macroscale processes, their findings are thus harder to upscale and to form consensus
of observed trends. (Chave, 2013; Levin, 1992).

Some unified theories have proven to be effective at predicting biodiversity and
functioning patterns over global scales (neutral theory: Hubbell, 2011), metabolic theory:
(Brown et al., 2004) at the expense of simplifying individual species specificity. Another way
to leverage the upscaling/downscaling limitation is to study how the intermediary scale
factors shape community response to macroclimatic change. This is the approach pursued
throughout the studies of the manuscript. We first assess macroclimatic warming impact on
communities with the addition of local community dynamics (1.2.5.1), complemented by
studies of how landscape forest cover (1.3.5), topoclimate (1.3.3) and microclimate (1.3.4)
shape plant communities. This non-trivial list of terms is described in the corresponding parts
below and summarized in Figure 1-8.
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Figure 1-8: Summary of the resolution of each term used throughout this manuscript.
Distance in meters corresponds to the width of a focal pixel when modeling macro, topo
and microclimate, it corresponds to the radius of the landscape scale forest cover (in short
forest cover) and of the floristic survey (i.e. community). The width of France and the range
of widths of the forest ecoregions are also displayed.

1.3.2. Macroclimate affects communities at a large scale.

One dimension of microclimate is the free-air temperature historically measured and
modeled by climatic institutes via a network weather station (measured in open fields, 2
meters from the ground, shaded). The role of macroclimate in shaping species distribution
was and still is widely studied (Woodward & Williams, 1987; Pulliam, 2000; Yates et al.,
2000). Furthermore, the effect of macroclimatic warming is also increasingly highlighted by
the ongoing thermophilization of communities we mentioned above (1.2.4, De Frenne et al.,
2013).

Macroclimate is often summarized and modeled as mean temperatures or
precipitations. However, the role of extreme events such as heat waves and droughts should
not be undermined as their frequency and intensity are also expected to increase (IPCC,
2021a). Observations from population dynamics and tree dieback inform that extinction
events shaping communities mostly occur during such events or subsequently arise as a
consequence of these (Brice et al., 2019; Pérez-Navarro et al., 2021). Mean annual
temperature is the main macroclimatic variable in our work, to both characterize the
environment and species thermal niche. There is a positive correlation between mean annual
temperature (which the thermal optimum of a species is based on), water limitations and
the intensity of extreme events (e.g. drought.). As a consequence, our results can in part be
interpreted in the light of extreme events and drought impacts on communities. As an
example, it is likely for a relatively cold-adapted to be removed from a community because
of a drought event instead of a steady rise in air temperature, whereas a relatively warm-
adapted species resisted the drought because of its evolutionary and biogeographical history.

Page

15



16

1.3.3. Topoclimate mediates macroclimate at an intermediate scale.
1.3.3.1. Elevation Effect on Climate

As early as the map drawn in The Physical Atlas by Humboldt and Johnston in (1848),
topography was brought as an indissociable factor of plant distribution (Figure 1-9). The
vertical cooling due to elevation also known as the lapse rate (that can be considered a
macro-scale driver) is enough to structure different biomes, from lowland mixed forest to
alpine tundra. The elevational gradient was a topical addition to climate warming studies;
the same amount of warming can have more impact on cold-constrained ecosystems, and
such ecosystems are also expected to warm faster because of several feedback loops (Pepin
et al., 2015). As a result, summits and high mountains have already undergone fast
thermophilization of communities and gains in species richness some of which now occupy
previously unsuitable habitats (Bahn & Korner, 2003; Pauli et al., 2001; Staude et al., 2022;
Steinbauer et al., 2018). This upward colonization is greatly facilitated by the short
geographical distance needed to track the shift in isotherm (0.6°C per 100 upward, Rolland,
2003). This fast responsiveness also threatens the uppermost flora, which displays high
climatic debt as it is impossible for them to shift their distribution higher (Dullinger et al.,
2012; Rumpf et al., 2019; Watts et al., 2022).

1.3.3.2. Topography

Topography, by interacting with solar radiation, cloud formation, air density and
movement can significantly alter the local conditions at a constant elevation, at a scale from
a kilometer to a tenth of meter (Finocchiaro et al., 2023; Geiger et al., 2009; Lenoir et al.,
2013). The slope orientation interacts with the orbit of the sun such as equator-facing slopes
display warmer mean and maximum temperatures, creating the difference in strata
delineation of mountainous ecosystems already perceived by Humboldt (Figure 1-9, Becker
& Geremia, 1984). Aspect also influences snow melting processes and the length of the
growing seasons for plants. Such changes in climatic factors are translated on the community
compositions: south-facing slopes (in the north hemisphere) consistently display more warm-
adapted and Mediterranean flora (Macek et al., 2019; Maclean et al., 2015; Rita et al.,
2021). Valley bottoms are also of interest in topoclimate studies for their tendencies to
concentrate the denser cold-air and water flows and their overall shader environments. Such
moist and cool sites can differ from their immediate surroundings by several degrees
(Finocchiaro et al., 2023). For instance, summer temperature can be 1.5°C cooler next to a
stream compared to places 50 meters apart. Such cooler conditions can host refugial
populations of species located far from their expected range (Dobrowski, 2011; Finocchiaro
et al., 2023; Ishiyama et al., 2022). These refugia are created when a species range is
displaced by environmental change (see 1.2.2.2, Figure 1-5), but local conditions allow some
species to persist outside the displaced range (Ashcroft, 2010; Rull, 2010).

At the time of writing this thesis, species range projections use coarse-grained models
(>= 1 kilometer). The variety of the above-mentioned topoclimates can buffer macroclimatic
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changes and has elevated thermal heterogeneity as a powerful driver of species persistence
and lack of full equilibrium recovery in mountainous regions despite the facilitation of
migration mountains present (Kulonen et al., 2018; Lenoir et al., 2013). As this local
decoupling originates from topography, it can be perceived as particularly stable in time.
This has led to studies of climatic refugia or microrefugia concerned with the determinant
and effectiveness of such places to conserve individuals (Ashcroft, 2010). This is of particular
interest in extinction-driven thermophilization and range retractions to conserve populations
that cannot track - via colonization - the ongoing climate change (Lenoir et al., 2017; Rumpf
et al., 2019).

DISTRIBUTION OF PLANTS IN A PERPENDICULAR DIRECTION IN THE TORRID, THE TEMPERATE, AND THE FRIGID ZONES
With Indioations of the Mean Temperature of the Year Aud of the Coldest and Warmest Months
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Figure 1-9: Cross-section maps of vegetation distribution of several mountainous ranges,
from (Johnston et al., 1848). The delineation of the vegetation stratification is not
horizontal but contingent on the orientation of the massif to the sun exposure.

1.3.4. Microclimate, the true condition experienced by organisms.

1.3.4.1. Microclimate buffers communities from climate
change

Trees, through light interception, evapotranspiration and wind reduction ultimately
alter the conditions understory species experience. Forest microclimate (measured near the
ground (15 cm), analogous to the height or basal stem of some plants) can be interpreted as
insulation from the regional climate, as canopy buffers climatic extremes. As a result,
understories display warmer winter temperatures (on average 1°C warmer), but cooler
summer temperatures (on average 4°C cooler) and cooler annual temperatures, and moister
air and soil (Figure 1-10, Chen et al., 1999; De Frenne et al., 2019, 2021). These properties
have been identified as an important explanation for the slower thermophilization and range
shift observed in understory organisms (De Frenne et al., 2021; Kemppinen et al., 2023).

Initial evidences of slowed thermophilization by canopy were observed by resampling
of plots with different degrees of canopy change, thus making only an indirect link with
microclimatic change (De Frenne et al., 2013; Richard et al., 2021; Stevens et al., 2015).
However, canopy closure also interacts with light availability, and can exclude warmer-
adapted species that are also early-successional and adapted to bright understories (De
Frenne et al., 2015; Dietz et al., 2020). This is evidenced by faster thermophilization rates
for canopy-removed or experimentally lit plots (Dietz et al., 2020; Govaert et al., 2021;
Sanczuk et al., 2023). The development of microclimate modeling, through mechanistic
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(Maclean et al., 2019) or statistical (Zellweger, Coomes, et al., 2019) approaches allowed
to disentangle the true effect of microclimate cooling on communities and the light
availability effect (De Frenne et al., 2019; Zellweger et al., 2020).

1.3.4.2. Implications and Applications of Microclimate
Science

The microclimate-induced slowing of thermophilization rates highlighted the need to
better understand the drivers of such buffering of temperature, through a steep increase of
measurements and available methods (Lembrechts et al., 2020, 2021; Zellweger et al.,
2020). Canopy-related variables are the first to stand out in the models, an increase of 50%
in canopy cover induces a 2°C stronger buffering of maximum summer temperature in
temperate forests (Zellweger, Coomes, et al., 2019). Basal area and tree height also
contribute in the models, although less consistently, to the buffering effect (Zellweger,
Coomes, et al., 2019). The capacity of the canopy to buffer temperature is itself contingent
on soil and air moisture because of their control over evapotranspiration, questioning the
long-term ability of forest to buffer temperature during the harsher predicted drought
(Davis, Dobrowski, et al., 2019; Greiser et al., 2018; von Arx et al., 2013).

The buffering capacity of trees is predicted to increase with climate change as it is
more apparent in high mean and extreme temperatures (De Lombaerde et al., 2021).
However, logging, disturbances and tree mortality challenge the capacity of forests to be
qualified as a thermal refugia in the long term, like the topography-induced ones (Hylander
etal., 2022; Stevens et al., 2015). Most of the research cited above focus on lowland forests,
and thus the control of topography -per se or its interaction with canopy- on microclimate
remains to be explored to determine the refugia potential of forested mountains.
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Figure 1-10: Illustration of macro and microclimate, measured in open air and in forest,
respectively (a). Daily or annual fluctuations of temperature are represented in b), climatic
extremes are reduced in forest microclimates compared to the macroclimates. The
relationship between micro and macro climate is represented in c), the dashed line
represents the “no buffering” hypothesis, and the plain line represents the relationship
observed in temperate forests. The microclimate is cooler than the macroclimate in periods
of warm temperature, and warmer when the open-air temperature is low, from (De Frenne
et al., 2021).
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1.3.5. Forest fragmentation interacts with species and microclimate.
1.3.5.1. Forest fragmentation and biodiversity

The historical and recent footprint of humans on ecosystems (see 1.1.3) leads to
habitat fragmentation (Haddad et al., 2015), which we will often refer to as forest
fragmentation as it is the only habitat studied throughout this thesis. The concept of "forest
fragmentation” often includes two distinct processes, namely forest loss and forest
fragmentation itself, which should be distinguished. Forest loss is a net reduction in forest
cover (Figure 1-11.a.b). In contrast, forest fragmentation refers to the restructuring of the
same total forest area, resulting in smaller, more isolated fragments that are more exposed
to adjacent human land uses (Figure 1-11.c, Fahrig, 2003; Haddad et al., 2015). Forest loss
generally leads to forest fragmentation, as a consequence, studying the independent effects
of loss and fragmentation per se (e.g. independent of forest cover loss) is challenging.

Most of the studies agree on the negative effect forest loss has on the biodiversity of
all taxa (Dirzo & Raven, 2003; Hanski, 2011), however theoretical and empirical supports of
the effect of fragmentation per se diverge (Fahrig, 2017; Haddad et al., 2015). Baseline
expectation from metapopulation theory posits that single large habitats are more able to
sustain a population by concentrating individuals in the same space and limiting the need
for dispersal. This thinking supported the numerous creations of single large and protected
conservation areas (Diamond, 1975). Counterintuitively, empirical evidence generally
supports an increase in biodiversity with fragmentation per se, attributing the ability of
several small habitats to cover more heterogenous ecological conditions (Fahrig, 2017;
Fahrig et al., 2019).

Aside from the biodiversity patterns, forest fragmentation is also expected to slow
the migration and range shift of plant species (Dullinger et al., 2015). The geographical
distance between forest patches is sufficient in lowlands to hamper the slowly colonizing
plant species and their animal disperser and pollinators (Aguilar et al., 2006; Dullinger et
al., 2015; Honnay et al., 2002, 2005). This phenomenon highlights the need for a link
between land use and climate change to better predict and cope with the observed lag of
thermophilization of understory plants (Auffret & Svenning, 2022; Vanneste et al., 2020).
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Figure 1-11: Illustration of forest loss through fire (a), riparian wood clearance (b) and
forest fragmentation by highway construction (c), with forest maps from 2000 and 2006,
from (IES et al., 2013).

1.3.5.2. Forest fragmentation interacts with soil and
legacy.

The current mosaics of forest fragments -intertwined with pastures and croplands- in
Europe are the result of both historical (preindustrial era) and recent logging (Ellis et al.,
2021; Vallauri et al., 2012). Consequently, fragments of first successional forest are likely
to have richer soil due to past agricultural activities and will therefore display nutrient-
demanding communities (Dupouey, Sciama, et al., 2002; Koerner et al., 1997). Even large
patches of forest can be influenced by past and current agricultural practices through their
edges. Edge effects of several hundreds of meters promote nutrients and light-demanding
species that consequently alter the thermal optimum of communities regardless of changes
in climatic conditions (Berges et al., 2013, 2016; Ewald, 2003). The historical inertia of
communities also implies that old-growth forests, often the core of large forest patches,
may serve as source population refugia for cold-adapted forest specialists, generally are
characterized by low dispersal capacities (Brunet et al., 2011, 2021; Dupouey, Sciama, et
al., 2002).

1.3.5.3. Forest fragmentation interactions with
microclimate

As described in part 1.3.4, forests display significantly lower temperatures than their
surrounding agricultural, pastoral or urban matrices (De Frenne et al., 2019). This means
that forest fragmentation per se has a significant effect on understory microclimate via edge
effects, where edges are characterized by warmer temperatures, analogous to the free air
that surrounds them (Arroyo-Rodriguez et al., 2017; Meeussen et al., 2021; Tuff et al.,
2016). Forest amount, also mentioned as landscape forest cover, could also interact with
microclimate by localized cooling of the local climate. During the growing season, the higher
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evapotranspiration of trees in a forested area could in turn cool the local climate more than
just the immediate effect of the canopy (Bonan, 2008; Hesslerova et al., 2013; Pokorny et
al., 2010). The input of the thermal landscape concept to forest fragmentation allows us to
test for a potential unexpected effect of forest fragmentation (Arroyo-Rodriguez et al.,
2017; Tuff et al., 2016). One could expect highly forested landscapes to thermophilize faster
ought to their larger connectivity and species pool. However, the above-described cooling
effect of landscape forest cover and historical inertia would, on the other hand, slow down
thermophilization. This calls for research to disentangle the relative effects of soil and
microclimatic cooling by landscape-scale forest effect on communities’ thermal optimum

1.4. Aims, research questions and methodology.
1.4.1. Aims

This thesis aims to provide an assessment of the ongoing community
thermophilization in French forest ecoregions by unraveling the community dynamics causing
it and to strengthen this assessment by studying factors of different scales that interfere
with communities’ response to climate. Specifically, we aim to disentangle landscape scale
(landscape forest cover and topography) control on communities often intertwined with a
local factor, canopy cover.

1.4.2. Implications

The multiplicity of processes that control community thermophilization creates
scientific and conservation challenges alike. Very different implications can arise from which
community dynamics drive thermophilization: a predominance of extinction calls for
microrefugia and assisted migration studies, to present new conservation prospects for
endangered species. Conversely, a contribution of colonization calls for homogenization and
ecological corridor studies as they are processes promoted by species colonization. Abiotic
processes at different scales and their interactions also need to be considered in further
studies to better understand current and future communities, but also because they imply
different management and conservation issues. As an example, forest fragmentation and
land-sharing questions depend on regional policymakers whereas individual forest owners
and managers can alter immediate cooling by canopy cover via clear-cuts. Lastly,
understanding the topography-canopy cover balance in driving community composition
allows assessing the stability in time of the refugia these elements can offer, as topography
is more stable through time than canopy cover.
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1.4.3. Research Questions

The 2 general aims described above can be broken up into three main research
questions as follows:

1) How has recent macroclimate warming shaped understory plant
communities in French ecoregions?

To address this question; we quantified recent trends in thermophilization of the
French forest ecoregions and identified what community dynamics drove it, as well as
identified links with biotic homogenization. To this end, we used an extensive subset of the
French National Forest Inventory (NFI) of 28,334 plots and novel partitioning methods to
specifically ask:

¢ What community dynamics drive the recent thermophilization of forest ecoregions?

e Do the recent thermophilization results in forest ecoregions homogenization?

2) How does landscape-scale forest cover mediate community
response to climate?

The underlying aim of this question is to test whether landscape forest cover could
influence understory communities, through soil nutrient differences and microclimatic
cooling. We used 4,024 NFI plots and a detailed forest cover map to question:

¢ Does landscape forest cover impact community adaptation to climate in complement
to local effects of canopy?

e Can a pure climatic effect, independent of soil properties, of landscape forest cover
on communities be detected?

3) How topoclimate and microclimate shape communities?

We addressed this question with records of understory temperature and community
surveys in a Vosges valley with contrasting topography and canopy cover. Thanks to detailed
maps, we modeled microclimatic temperatures of the growing season to investigate the
following biophysical and community questions:

e Does topography outweigh canopy cover in buffering understory microclimate in
mountain ranges?

¢ To what extent do canopy and topography-induced microclimate shape communities
thermal optima and diversity?

1.4.4. Manuscript Structure

We will present in Chapter 2 an assessment of the recent thermophilization of France
flora communities, with an emphasis on the dynamics that drive them (question 1). We will
also explore its link with a pervasive loss of diversity so-called homogenization. This analysis
will provide a recent picture of climate-induced change in plant communities and species
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distribution, which we will nuance in further chapters with studies of processes at different
scales, in a downscaling fashion (Figure 1-8). The study presented in Chapter 3 aims to link
an overlooked aspect of forest fragmentation, landscape forest cover, with community
thermal optimum (question 2). Forest fragmentation is often interpreted through the lens of
dispersal constraint on plant migration. We aim to go beyond that point by testing how the
amount of forest cover in a landscape can cool regional air temperature and favor cold-
adapted species. Lastly, we will test the relative effect of canopy cover and topography on
understory temperatures, and their subsequent effects on community affinity to climate and
richness.

1.4.5. Methodology Overview

The focal point of the three research questions is understory flora communities and
their climatic affinity, we used however distinct methods to address each of the questions.
We defined the climatic affinity of communities by averaging the individual thermal optimum
of the present species, extracted from ClimPlant V1.2 as described in (1.2.3.2, (Vangansbeke
et al., 2021).

To address questions (1) and (2), we used National Forest Inventory (NFI) plots from
the recent protocol (2005-2021), that have been efficiently documented in (IGN, 2019b;
Kuhn, 2016). To be able to compare NFI plots ceteris paribus, we used an optimized pairing
algorithm to different subsets of the NFI (Chytry et al., 2014). We created temporal pairs of
plots separated by 10 years for question (1) and pairs with contrasting forest cover for
question (2). With these pairing, we decomposed the community dynamics behind
community thermophilization and homogenization at the ecoregion scale (1) and we tested
the difference in community thermal optimum across landscapes (2).

We investigated question (3) by recording growing season understory temperature in
a valley of the Vosges massif. We used linear model and variation partitioning to investigate
the relative control of canopy cover, aspect and cold-air pooling over temperature. We
evaluated their subsequent effect on communities thanks to an independent database of
floristic surveys spread across the main ecological gradient of the valley.

We created version-control repositories of code and data following the practices
summarized in (Braga et al., 2023), made available at https://github.com/Jeremy-

borderieux. Each method will be thoroughly explained, and their limitations discussed in
their respective chapter, but we will also present in (Chapter 5: Discussion) general
shortcomings and opportunities of the use of NFI data and thermal optimum for the study of
communities in a warming world.
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Chapter 2. Extinction drives recent
thermophilization but does not trigger

homogenization in forest understory.

Jeremy Borderieux, Jean-Claude Gégout, Josep M. Serra-Diaz

Published in Nature Ecology and Evolution in March 2024

https://doi.org/10.1038/s41559-024-02362-3

Abstract

The ongoing climate change is triggering plant community thermophilization. This selection
process is ought to shift community composition toward species adapted to warmer climates
but may also lead to biotic homogenization. The link between thermophilization and
homogenization, and the community dynamics that drive them (colonization and extinction)
remain unknown but is critical for understanding community responses under rapid
environmental change.

We used 14,167 pairs of plots to study shifts in plant community during 10 years of rising
temperature, in 80 forest ecoregions of France. We computed community mean thermal
optimum (thermophilization) and AB-diversity (homogenization) for each ecoregion and
partitioned these changes into extinction and colonization dynamics of cold- and warm-
adapted species.

Forest understory communities thermophilized on average by 0.12 °C decade™ and up to
0.20 °C decade™ in warm ecoregions. This rate was entirely driven by extinction dynamics.
Extinction of cold-adapted species was a driver of homogenization, but it was compensated
for by the colonization of rare species and the extinction of common species, resulting in
the absence of an apparent homogenization trend.

Here we show a dieback of present cold-adapted species rather that an adaptation of
communities via the arrivals of warm-adapted species, with mutually cancelling effect on B-
diversity. These results suggest that a future loss of biodiversity and delayed biotic
homogenization should be considered.

NB: The order of the ‘Results and Discussion’ and ‘Materials and Methods’ are reversed for
consistency. In the original publication results are found first after the introduction.

Ecoregion summary values are available in appendix Table A1 and the list of species (and
their occurrences) used to perform this analysis is available in the appendix Table A2.

Repository: https://github.com/Jeremy-borderieux/Article_thermo_beta_part.git
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2.1.Introduction

The unprecedented speed of current climate warming is causing major species range
shifts and the reshuffling of ecological communities (Franklin et al., 2016; Lenoir & Svenning,
2015; Svenning & Sandel, 2013). This reshuffling could lead to a major risk for biodiversity
(Sala et al., 2000) and the services it provides (Reu et al., 2022; Wang et al., 2021). Two
major patterns of community composition have been reported as a result of global change,
namely thermophilization and biotic homogenization. On the one hand, thermophilization of
plant communities - the increase of the average temperature affiliation of species in a
community over time - is occurring as a result of climate warming (De Frenne et al., 2013;
Martin et al., 2019; Richard et al., 2021), yet at a slower pace than climate change (Bertrand
et al., 2011, 2016). On the other hand, evidence also suggests that biotic homogenization
across plant communities is taking place (Cholewinska et al., 2020; Olden & Rooney, 2006;
Staude et al., 2022). This is shown by a decrease in B-diversity, which signals an increase of
similarity among the communities of a region. To date, we do not know whether these two
processes occur simultaneously, what their linkages are, and which community dynamics
underlie them.

Baseline expectations from global warming suggest that warm-adapted species may
increasingly replace cold-adapted species in communities (De Frenne et al., 2013; Gottfried
et al., 2012; Svenning & Sandel, 2013). At large scales, biogeographic theory predicts
species range shifts (Lenoir & Svenning, 2015) but lagged dynamics, controlled by the
dispersal and establishment capacities of species that may constrain the maximum speed at
which , species can colonize suitable climatic areas. (Boulangeat et al., 2012; Govaert et
al., 2021; Ozinga et al., 2009). Thus, thermophilization is the product of different rates of
colonization and/or extinction (sensu local extinction, Leibold et al., 2004) of warm- vs.
cold-adapted species in a community. At one end, thermophilization may stem from
colonization of warm-adapted species without any extinction of cold-adapted species (Figure
2-1). Conversely, thermophilization may exclusively stem from extinction of cold-adapted
species, implying biotic erosion of communities rather than colonization of species adapted
to warmer climate (Figure 2-1). For instance, extinction-driven thermophilization is
expected in Mediterranean communities of Europe, where many temperate species are
located at the warm edge of their distribution. As a result, they are subject to extirpation
by drought and heat waves, without being replaced by warmer-adapted species as the sea
may act as a barrier for colonization (Bertrand et al., 2016; Pérez-Navarro et al., 2021).

Thermophilization is being increasingly detected, but little is known about how it
could affect B-diversity. Both local (a) diversity and B-diversity are increasing in mountain
forests and on summits, where colonization of unoccupied space by new species increases
the regional species pool (Bahn & Korner, 2003; Steinbauer et al., 2018). However, lowland
forests are showing signs of homogenization (Cholewinska et al., 2020; Naaf & Wulf, 2012;
Xu et al., 2023; Zwiener et al., 2018). By selecting species as a function of their thermal
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tolerance, thermophilization could decrease B-diversity. For example, it could promotes
already widespread warm-adapted species, increasing redundancy between communities
(Figure 2-1, Dietz et al., 2020; Dupouey et al., 2002; Fischer et al., 2002). As species rarity
is linked to environmental specialization (Crisfield et al., 2024), thermophilization could also
lower B-diversity by removing specialized cold-adapted species (Figure 2-1.b). This process
is not unidirectional: an increase in temperature can also relieve cold constraints on rare
specialized warm-adapted species and increase B-diversity. Finally, thermophilization can
induce differentiation between communities by reducing the occurrence of widespread
species (without causing definitive removal), as frequently observed at the beginning of an
anthropogenic stress (Socolar et al., 2016). These multi-faceted links between climate-
change-induced thermophilization and homogenization highlight the need to disentangle the
community dynamics at play (Baeten et al., 2012; Gosselin, 2016).

We aimed to unveil the community dynamics (local extinction and colonization)
involved in thermophilization and B-diversity shifts. We disentangled the B-diversity and
thermophilization dynamics based on recent methods to separate the extinction and
colonization processes of temporal changes in communities (Tatsumi et al., 2021). We
analyzed temporal shifts from 2005 to 2021 in 14,167 pairs of plots (“past” and “recent”
plots form spatially proximate (<2 km) pairs of plots) of understory forest communities
spanning 756 plant species in 80 forest ecoregions. These ecoregions are homogenous in
environmental conditions and cover the French continental area (529,772 km?; 172,080 km?
of forested area). We computed the individual contribution of each species to the changes
in mean thermal optima (i.e. thermophilization) and B-diversity (i.e. homogenization) in
each ecoregion (Figure 2-1.b). We partitioned these contributions into 4 community
processes: extinction and colonization (decline or gain in occurrences) of cold- and warm-
adapted species (relative to the baseline mean thermal 2005-2011 optimum).

In this study we aimed at understanding such community processes by responding to
these questions: (1) Is there a recent significant thermophilization of forests, and what
community processes drive it? (2) Is there a significant flora homogenization of forests
occurring, and what community processes drive it? And (3) is mean annual temperature
significantly linked to thermophilization and homogenization and to the extinction and
colonization processes? Our initial expectation was that i) thermophilization is a product of
both extinction of cold-adapted species and colonization by warm-adapted species, and ii)
homogenization is pervasive and triggered by abundant colonization by warm-adapted
species and extinction of rare cold-adapted species. We expected faster thermophilization
rates in Mediterranean ecoregions because more species could be located at the warm edge
of their distribution and prone to local extinctions caused by extreme (drought) events
(Pérez-Navarro et al., 2021).
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a) Past period b) Extinction and colonization c) Recent period
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Figure 2-1: Example of the coupling between thermophilization and homogenization under
increasing temperatures

(a): Artificial ecoregion composed of four communities. The ecoregion has two cold- and
two warm-adapted species depending on whether their thermal optimum is lower or higher
than the mean thermal optimum of the ecoregion. The communities are heterogenous
because they all have unique species composition. The vertical dotted line represents the
weighted mean thermal optimum of every species (of the ecoregion); the horizontal dotted
line represents the threshold differentiating rare from common species.

(b): Example of thermophilization triggered by the spread of a warm-adapted species and
the extinction of a cold-adapted species. The loss of a rare species that made the community
unique triggers homogenization, and so does the spread of a common species by increasing
similarity between communities (the arrow width shrinks). Thermophilization can also
heterogenize communities by removing common cold-adapted species or promoting a rare
or previously absent warm-adapted species (not shown).

(c): The resulting ecoregion with a higher mean thermal optimum and more similar
communities.
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2.2. Materials and Methods

2.2.1. Study region and forest ecoregion

The study area corresponded to metropolitan France (excluding Corsica island),
including the temperate mixed forest biome, the coniferous mountain biome and the
Mediterranean forest biome. The territory was divided into 83 forest ecoregions (called
“ecoregions” hereafter) characterized by similar and unique combinations of climatic and
soil conditions (IGN, 2013). We used these ecoregions to delineate sampling areas and study
understory flora changes and diversity at a wider scale than the plot scale. As the ecoregions
displayed distinct climate and soil characteristics, we assumed that the pool of species was
similar within an ecoregion but differed from the pools of the other ecoregions.

Lowland ecoregions were characterized by mosaics of forest, meadow, and cropland,
with a climate ranging from oceanic to semi-continental (mean annual temperature ranges
from 9.4 to 13.9 °C at the ecoregion scale and precipitation ranges from 500 to 1,800 mm
yr''). Mountainous and pre-mountainous ecoregions displayed a greater forest cover and a
continental mountainous climate, except oceanic influence on the Pyrenees (mean annual
temperature range 6.5 to 12.4 °C, precipitation range 400 to 2,000 mm yr'"). The
southernmost ecoregions encompassed the Mediterranean border from Spain to Italy and
displayed the warmest and driest climate of European France (mean annual temperature
range 11.6 to 14.6 °C, precipitation range 284 to 451 mm yr™") (IGN, 2013).

2.2.2. Plot Selection

We extracted data from the recent protocol of the French National Forest Inventory
(NFI1), started in 2005. We selected the plots from 2005 to 2021. The systematic sampling of
the NFI is based on 1km-by-1km grid, with one tenth of the grid nodes surveyed each year.
Once the grid is completely surveyed, a new survey cycle starts, approximately 10 years
later. The plots of the new cycle are not a revisit of the previous plots but a new plot
proximal to the node. We extracted the mean annual temperature (MAT) of each plot from
a climate model calibrated with 214 French weather stations over the 1990-2015 period
(Piedallu et al., 2019) and elevation from a 25-m resolution digital elevation model.

We took advantage of the spatial representativeness offered by the systematic
sampling to study vegetation changes by creating a dataset balanced in sampling intensity
and along environmental conditions over time. We assigned the plots from the 2005-2011
campaign to the “past” category and the plots from the 2015-2021 campaign to the “recent”
category. Plots in-between these two timeframes were removed because their nearest plot
counterpart from the new cycle (planned for 2022-2024) was not available yet. We also
removed the plots identified as deforested at the time of the survey and the plots with less
than five species with a known thermal optimum. Our analysis (described below) was
performed at the ecoregion scale by pooling all the plots of an ecoregion to reduce the
variability that geographically close (but not revisited) plots would have induced.
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Then, we paired “past” and “recent” plots based on several criteria: (1) a distance
between two plots < 2 km, (2) a time interval of 9, 10 or 11 years between plots, (3) plots
located in the same ecoregion, (4) a difference in the elevations of two plots < 50 m.
Criterion (1) allowed us to select plots from two NFI cycles belonging to the same node, and
compensate for the low precision of the coordinates of the NFI plots (+ 500m) due to private
property protection laws. Furthermore, we removed three ecoregions with low numbers
(N<10) of pairs from the initial 83 ecoregions.

The selection procedure yielded 14,167 pairs of NFI plots separated on average by
9.9 years (Figure 2-2), distributed in 80 ecoregions. The ecoregions had a minimum of 15
pairs and a maximum of 1,892 pairs (median 118). In the absence of true remeasurements
of past surveys, the selection of geographically close plots to study vegetation changes was
the best alternative, but could misestimate or detect non-existing changes (Chytry et al.,
2014). However, by conducting 80 separate flora change analyses - one per ecoregion - we
identified consistent trends across ecoregions, and averaging the results limited the risk of
misinterpretation. Furthermore, 33 ecoregions had less than 100 plot pairs (Figure 2-2), so
that the results from those ecoregions could be interpreted with caution. However, by
weighting the means presented in Fig.3 by the number of pairs of each ecoregion, we found
no significant difference in our interpretation. Therefore, the number of plot pairs in the
ecoregions did not influence the results.

(a) (b)
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:7 51:100 ’ 201:300 .‘ >400 © Past plot (2005-2011)
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Figure 2-2 : (a) Map of the 86 forest ecoregions of France, with a colored gradient
representing the number of plot pairs. Three main biomes (lowland, Mediterranean,

mountain) cluster different ecoregions delineated with bold black lines. The clusters
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without a label are mountain ecoregions. The zoomed ecoregion in (b) is outlined in red in
(a). (b) Example of the plot pair sampling design, with NFI plot localization. Some plots may
overlap. Green, forested areas. Basemap credits: (OpenStreetMap contributors, 2017)

2.2.3. Floristic Database

In addition to the dendrometric, canopy cover and soil measurements, the NFI
includes floristic surveys performed in 15-m-radius circles (area = 709 m2?). Based on these
surveys, we selected vascular plants identified to the species level, and removed trees
because their presence in the understory can result from forest management and they
respond slowly to environmental changes (Lenoir et al., 2008). After homogenization of the
taxonomy to the TaxRef V13 standard (Gargominy, 2022), we assigned a thermal optimum
from the ClimPlant V1.2 database (Vangansbeke et al., 2021) to each species. The thermal
optima were computed by averaging the mean annual temperature within the species
distribution range obtained from European atlases. We also extracted two additional thermal
optima (one computed in 2005 and one computed in 2019 with updated information and
methods) based on EcoPlant (Gégout et al. 2005) to test the sensitivity of our results to the
source information of thermal optimum estimation. The EcoPlant database compiles French
floristic (presence-absence) surveys that allow calibrating an optimal probability of presence
along a 1km climatic grid. Ecoplant and ClimPlant are complementary: the ClimPlant
database captures the whole climatic gradient of a species distribution range, whereas the
EcoPlant database is limited by the French border but is built from detailed surveys and a
high-resolution climatic model (Piedallu et al., 2019) that enables an accurate estimation of
thermal optima.

We recorded 202,866 species occurrences in the past plots, and 195,692 species
occurrences in the recent plots. Out of our initial 1,622 species, we matched 756 species
with a known thermal optimum from ClimPlant V1.2. These occurrences represented 78% of
the total number of occurrences recorded in our plot pairs, showing a large taxonomic
coverage of the thermal optimum database.

2.2.4. Computation and partitioning of thermophilization

To compute thermophilization, we first defined the mean thermal optimum of the
species recorded in the “past” and “recent” plots of each ecoregion. To this end, we
calculated the weighted mean of the thermal optima of the species using their occurrence
count in the ecoregion, independently of their local (plot scale) abundance. Then,
thermophilization was obtained by subtracting the “recent” from the “past” occurrence-
weighted means of the thermal optima. As our plots were not exactly separated by 10 years,
we corrected the thermophilization rates by the average time difference of the plots to
express thermophilization in degree Celsius per year (°C yr'). This method of computing
thermophilization differs from past studies using permanent plots, where changes in the
mean thermal optimum are computed at the plot scale over time. Our approach did not
investigate plot-scale changes (that were blurred by the semi-permanent nature of the pairs)

Page

31



32

but allowed studying the changes in the occurrence rates of species at the regional scale
under homogenous environmental conditions.

We computed the individual contribution of each species to thermophilization
(contrib;), with the following formula:

(Topti—Toptecoreg past) * (0CCirecent— OCCipast )

Y. 0CCrecent

Contrib; = (1)

Where Topt; is the thermal optimum of species i, Toptecores past the weighted mean
thermal optimum of the “past” occurrences, occ; is the count of plots where the species was
recorded in the “past” and “recent” periods, and 20CCrecent is the total number of occurrences
of the “recent” period. Species with equal occurrences in the two periods resulted in a
contrib; of 0. Therefore, they did not contribute to the computation any further. The
rationale behind this formula is that species thermal optima were assumed constant, and
the number of “past” and “recent” plots were even, so that we did not expect any change
in occurrences. Consequently, only changes in occurrences could alter the mean thermal
optimum of an ecoregion. The term (Topti - Toptecoreg past) represents the extent to which an
individual species deviated from the mean optima of the past period of the ecoregion. Thus
it measures its relative adaptation to climate relative to every present species. It is then
multiplied by (0OCCirecent - OCCipast), the change in occurrences of the individual species, divided
by Zoccrecent (this allows to scale contrib;as the two periods will not have an equal number
of total occurrences).

The sum of all contrib;results in the thermophilization value of a given ecoregion (see
supplementary equations for a derivation of the equation). As a result, we partitioned the
sums of contrib; into components that could be added to one another to obtain the
thermophilization value. To create the extinction and colonization components, we added
the contrib; of species with declining occurrences for extinction (0CCi recent - 0CCi past <0), and
the contrib; of species with increasing occurrences for colonization (0CCi recent - OCCi past >0).
We subdivided these two components into the contributions of cold- and warm-adapted
species to these components. The subcomponents depended on whether a species was
locally cold-adapted (Topti- Toptecoreg past < 0) or warm-adapted (Topti - Toptecoreg past > 0)
compared to the weighted mean thermal optimum of the ecoregion Toptecoreg past-

The equation resulted in an easily interpretable contrib; term. For example, the
contribution of the extinction of cold-adapted species [(OCCi recent - OCCi past <0) * (Topt; -
Toptecoreg past < 0)] was always positive, i.e. it contributed to thermophilization. The
contribution of extinction as a whole could either be positive or negative as it includes the
extinction of both cold and warm-adapted species (eq (1)).
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2.2.5. Computation and partitioning of beta-diversity Changes

In parallel to the thermophilization analysis, we computed B-diversity using the
Whittaker B, metric (Whittaker, 1960) for each period. The Whittaker B, was calculated as
described in Eq (2):

Bw =~ (2

Where y is the total number of different species recorded in the ecoregion and a is
the mean species richness of the plots present in the ecoregion. This metric is more suited
to investigating differences between multiple communities than metrics using the means of
pairwise differences because it accounts for species co-occurrences and measures
heterogeneity by directly assessing the proportionality between a-diversity and ecoregion
diversity (Baselga, 2010; Socolar et al., 2016; Tatsumi et al., 2021). We did not use a metric
relying on abundance because abundance is estimated based on a Braun-Blanquet scale in
the NFI (Braun-blanquet, 1932) and is less reliable than presence/absence. Using abundance-
based metrics can lead to both lower and higher estimates of B-diversity. Locally abundant
ubiquitous species can lead to lower B-diversity estimates, whereas locally abundant species
found in just a few plots lead to higher B-diversity estimates. Our study mostly documented
the decline of cold-adapted species, whose local abundance was most probably low for these
local extinctions to happen. Therefore, we did not expect underestimated homogenization
following the decline of locally abundant cold-adapted species. However, one caveat is that
we cannot draw any conclusion on an increased abundance of warm-adapted species that
could cause further homogenization and the removal of cold-adapted individuals.

We tested the assumption that different ecoregions displayed different species pools
by comparing the B, obtained in one ecoregion with the By obtained from the plots of the
neighboring ecoregions. When B,-diversity included several ecoregions, it increased 2-fold,
demonstrating differences in the species pools of the ecoregions.

We computed B-diversity changes (AB-diversity) at the ecoregion level by subtracting
the By of the “recent” plots from the B, of the “past” plots. Then, we computed the
contribution of each species to this change in B-diversity by adapting the methods and code
presented in Tatsumi et al. (2021). This method assigns an extinction and colonization
component to each species; however, we added these two components to obtain a unique
value of contribution to AB-diversity per species. For example, a species can decrease B-
diversity (homogenize) by declining if it was already rare, or by colonizing if it was an already
widespread species. Conversely, colonization by a rare species or extinction of a widespread
species have a positive impact on AB-diversity (heterogenization). We summed the
contributions to AB-diversity following the same procedure as described in the previous
section to obtain the contributions of declining species (extinction) and spreading species
(colonization) to AB-diversity and know whether these species were locally cold- or warm-
adapted, for a total of 4 components.
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We tagged species as initially “rare” or “common” based on their baseline occupancy.
Species occupying less than 10% of the “past” plots of an ecoregion were labeled as initially
rare; if they occupied more than 10%, they were labeled as initially common. This simple
classification matched the intuitive expectation of AB-diversity partitioning: extinction of
rare species contributes to homogenization, while extinction of common species contributes
to differentiation (see Tatsumi et al., 2021 - "Multiple-site variation” - for more information).
This classification accounts for species that may be common in one ecoregion but very
infrequent or belong to unique communities in another. By design, this definition does not
represent a classification of rarity, but rather the commonness of a species occurrences in
a given ecoregion during the baseline period.

This common vs. rare species classification allowed testing other ecologically
relevant processes possibly underlying an extinction or a colonization component. We further
split the 4 contributions into “common” and “rare” species subcomponents, for a total of 8
contributions.

More cold-adapted than warm-adapted species were labeled “rare” across the
ecoregions. The lower baseline occupancy of rare cold-adapted species, rather than their
climate preference, could have been a confounding factor of extinction; that is, rare species
might decline more rapidly, creating the pattern reported in the Results section (Figure
S4-4). We addressed this confounding factor by rarefying our dataset randomly so that the
rare and common cold- and warm-adapted classification would display a balanced number
of species and occurrences. Thus, observing the same pattern as the one reported in the
main text indicates that increased chances of rare species extinction was not the sole
explanation for our results (Table S2-4).

In order to have a comparable set of species and components to the set of the
thermophilization analysis, the thermophilization and AB-diversity partitionings were done
with the subset of species included in the thermal optimum database ClimPlant V1.2.

We ran the thermophilization and AB-diversity analyses and partitionings with the
other two thermal optimum databases (Gégout et al., 2005) and found similar results and
interpretations (Table S2-4).

2.2.6. Null models and bootstrapping

We created two null models to test whether changes in species occurrences were
independent of the thermal optima, and to correct the analysis when the two periods had
different numbers of occurrences.

To test the independence of changes in species occurrences relatively to their
respective thermal optima, we ran 200 iterations of the above-described thermophilization
analysis by randomizing the thermal optimum of species drawn from the species pool of each
ecoregion. The 200 iterations of this analysis were averaged to create the null model. This
null model (hereafter called random thermal optimum model) was used to test for
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differences with the partitioning results of the original dataset. We also tested each
component of this model against 0 with a Wilcoxon test. The absence of significant
thermophilization in the random thermal optimum model demonstrated a link between
changes in species occurrences and their thermal optima (Figure S2-1, Table S2-1).

The total number of occurrences recorded in our dataset decreased between the two
periods although our sample had balanced numbers of “past” and “recent” plots. While this
decrease may have been caused by true ecological factors such as climate-change-induced
extinction, confounding methodological factors may also have been at play. In our dataset,
more plots from the “past” period were surveyed during the growing season (53% in the
“past” plots vs. 49% in the “recent” plot). During this period, species identification is easier,
and more species are visible. To account for this potential bias, as well as to investigate AB-
diversity in a scenario where the average species richness remains unchanged, we conducted
both the thermophilization and the B-diversity change analysis by equalizing the occurrence
numbers between the historical and recent periods. More specifically, for each ecoregion,
we randomly removed occurrences of the period with the greater number of total
occurrences to match the total occurrences of the other period. We repeated this resampling
and the analysis 200 times, (hereafter called the rarefaction null model). With this stricter
methodology, thermophilization was still estimated at 0.012 °C yr' (s.d. 0.011), the
extinction component at 0.010 °C yr' (s.d. 0.07), and the colonization component at 0.02
°Cyr' (s.d. 0.08). The AB-diversity value, its extinction and colonization component were -
0.31 (s.d. 1.5), -1.0 (s.d. 0.90), and 0.70 (s.d. 1.0), respectively (Table S2-2).

2.2.7. Statistical Testing

We tested the significant difference from 0 (or the mean of the null model) of the
mean of the seven components (global value, extinction, colonization, and the four
subcomponents created with the relative thermal optima of the species) for the two metrics
(thermophilization and AB-diversity) with the Wilcoxon signed-rank test (Rey & Neuhauser,
2011). However, we chose a different reference for the test depending on the metrics and
which hypothesis we were investigating. We tested the difference between the means of the
thermophilization components and the means of the corresponding components of the
random thermal optimum model. We tested the differences between the AB-diversity means
with 0 as our null hypothesis (“no change in B-diversity”). Unlike thermophilization, the
components were not constrained in their value (e.g. the contribution of colonizing warm-
adapted species to thermophilization was strictly positive, 0 was not adequate for testing
it, but its contribution to AB-diversity could be positive or negative).

For the sake of simplicity, we tested each component of thermophilization and AB-
diversity only against 0 for the random thermal optimum model and the rarefaction null
model.
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We tested the significance and the magnitude of the correlation between
thermophilization, AB-diversity and their two components (extinction and colonization) with
mean annual temperature using linear regressions. The applicability of linear regressions
was checked through normality and homoscedasticity of the residuals and the independence
to confounding variables, following the recommendation of Zuur et al. (2010).

We conducted our analyses in R 4.2.2 statistical environment (R Core Team, 2019),
with the ‘data.table’ (Dowle & Srinivasan, 2020), ‘ggplot2’ (Wickham, 2011), ‘sf’ (Pebesma,
2018), ‘ggpubr’ (Kassambara, 2023), ‘foreach’ (Microsoft & Weston, 2022) ‘ggspatial’
(Dunnington & Thorne, 2020; OpenStreetMap contributors, 2017), and ‘doParallel’
(Corporation & Weston, 2022) packages. We were inspired by the ‘ecopart’ method and
adapted the code presented by Tatsumi et al. (2021) for AB-diversity partitioning.

2.3. Results and Discussion
2.3.1. Extinction of species drives thermophilization

The declines in species occurrences (15,996 lost occurrences) outweighed species
expansion (8,822 new occurrences, npots= 14,167 pairs of plots, 2005-2011 vs. 2015-2021,
Figure 2-3). Extinction was preponderant for the relatively cold-adapted species, and
colonization was dominant for the relatively warm-adapted species (Figure 2-3). As a
consequence, 72 out of the 80 ecoregions had a positive thermophilization rate. The mean
thermophilization rate of an ecoregion was 0.012 °C yr' (s.d. 0.011, Figure 2-4.a), entirely
driven by extinction (Figure 2-4.a) - local extinction, defined as species with occurrences
decreasing over time. Even if occurrences of species were gained (Figure 2-3), colonization
did not contribute significantly to thermophilization (Figure 2-4.a) because the gains were
lesser in comparison to the losses, and the gained species did not have higher thermal optima
than the mean of the ecoregion to contribute to thermophilization. The use of proximate
plots instead of resurveyed plots, and the sometime low number of plots within ecoregions
resulted in high standard deviations. Our interpretation however, did not vary when
weighting our mean values by the number of plots within an ecoregion (see Methods section).
The thermophilization rate was consistent with previous studies on flora changes in
temperate forest understory (Bertrand et al., 2011; Dietz et al., 2020; Govaert et al., 2021;
Martin et al., 2019; Richard et al., 2021), that reported rates of ca. 0.010 °C yr!, lower than
the observed warming rate of ca. 0.026°C yr™ in our study region (Dietz et al., 2020).
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Figure 2-3: Absolute changes in species occurrences according to their thermal optima.
Changes in species occurrences between the 14,167 “past” plots (surveyed in 2005-2011)
and 14,167 “recent” plots (surveyed in 2015-2021). The absolute occurrence change was
computed by summing every species occurrence change between the “recent” and “past”
plots separately for declining (i.e. extinction, less occurrences in “recent” plots) and
spreading (i.e. colonization, more occurrences in “recent” plots) species and for each 1 °C
thermal optimum class. The weighted (by absolute occurrence changes) means of the
species thermal optima are also displayed. The thermal optimum of a species is estimated
as the mean of the mean annual temperatures within the distribution range of a species
(Vangansbeke et al., 2021).

Thermophilization is generally interpreted as the gradual replacement of cold-
adapted species by warm-adapted species, whose growth and establishment are facilitated
by increased temperature (De Frenne et al., 2013). We only found evidence for an extinction
dynamic (e.g. decrease in occurrence rates) driving thermophilization, with a contribution
of 0.012 °C yr" (s.d. 0.009), equal to the total observed thermophilization rate. This result
was confirmed by a null model in which the change in the occurrences of a species was
independent of its thermal optimum. This null model displayed a contribution of extinction
to thermophilization not significantly different from O (Figure 2-4.a, Figure S2-1, see “Null
models” in Methods section). As our study started in 2005, a preexisting disequilibrium
between flora and climate may have induced a greater contribution of extinction, induced
by the extirpation of already stressed individuals in addition to those that underwent the
recent warming from 2005 and onward. Our method does not distinguish these two kinds of
extirpations. However, the rates we found remain indicative of the recent effect of warming
on communities, as extinction of already stressed species is an integral part of
thermophilization (Pérez-Navarro et al., 2021). Conversely, the observed effects of
colonization on thermophilization were not significantly different from the random rates of
the null model (Figure 2-4.a). Our results and interpretation of extinction-driven
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thermophilization were consistent when using a different species thermal optimum database
(EcoPlant, Gégout et al., 2005, Table S2-1). We also rejected the hypothesis of overall
decreases of occurrences or sampling pressure (Figure 2-3) as explanations for the
significance of the contribution of extinction with a rarefaction model - in which the two
time frames of an ecoregion have an equal number of total occurrences (Table S2-2, see
“Null models” in Methods section).
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Figure 2-4: Community dynamics partitioning of thermophilization (a) and homogenization
(b). Each dot represents the values of one of the 80 ecoregions (n=80). Changes in the mean
thermal optima a) of the recorded species and b) in B-diversity (thermophilization and AB-
diversity, respectively) in the 80 ecoregions. The changes are broken up in two components
- colonization and extinction - estimated from the contributions of species with more/ less
occurrences in the recent period. These components were subsequently divided into the
contributions of relatively cold- or warm-adapted species, defined as species with a lower
or higher thermal optimum than the mean thermal optimum of the ecoregion in the past
period. For each component, the mean value is displayed (°C decade-1 for
thermophilization, no unit for AB-diversity). White dots, mean value of the null
thermophilization model. The statistical differences between these means and the means
of a null model, obtained with a two-sided Wilcoxon test (for thermophilization) or O (for
AB-diversity) are also displayed; p<0.05 (*), p<0.01 (**), p<0.001 (***). Exact P-values are
available in Table S1. Boxes, 25th centile, median, and 75th centile; whiskers do not extend
further than 1.5 times the interquartile range. One outlier ecoregion is not displayed in b)
because a low number of plots yielded a AB-diversity value of -5.2.
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Extinction has already been identified as a key driver of thermophilization in drylands
(Pérez-Navarro et al., 2021), via the selection of the most drought-resistant species at the
expense of the colder-adapted species after a drought-pulse event. Our results extend this
observation to the European temperate, Mediterranean and mountainous forest biomes
(Figure S2-2) over 16 years of continued warming. The Mediterranean and the warmest
lowland ecoregions experienced the fastest thermophilization rates. We estimated that the
contribution of extinction increased by 0.003 °C yr' per degree Celsius rise in mean annual
temperature (Figure 2-5.a), and up 0.020 °C yr'in the southernmost ecoregions (Figure
2-5.a). This higher local extinction rate indicates that thermal stress under warmer climate
conditions is sufficient to trigger the mortality of cold-adapted individuals or impair their
establishment. This finding concurs with projections of species climatic suitability, which
predict extinctions at the warm edge of the range of the species distribution, where their
maximum tolerance is expected to be exceeded first (Dullinger et al., 2012; Engler et al.,
2011; Kuhn & Gégout, 2019). Our occurrence-based analysis did not account for species
abundance or interspecific competition. However, as warm-adapted species could thrive
under a warmer climate, their competitive abilities also increase, and this impairs the
survival of cold-adapted species (Sanczuk et al., 2022; Staude et al., 2022).
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Figure 2-5: Relationship between i) thermophilization (a), B-diversity changes (b) and their
extinction and colonization components, and ii) mean annual temperature (MAT). One point
represents one ecoregion, the map of the ecoregion with the associated value is displayed
for each component (n=80). The color scale of the points and the mapped ecoregions are
the same and refer to the Y axis (thermophilization or AB-diversity). The summary statistics
corresponds to a linear model value ~ MAT. (***) significant MAT coefficient. One outlier

Page

39



40

ecoregion is not displayed in (b), because a low number of plots yielded a AB-diversity value
of -5.2. The error band represents the confidence interval of the linear model.

The thermophilization rates found in the present study do not match the climate
warming rates over the study period (0.026 °C yr' on average, Dietz et al., 2020), implying
a delay between climate change and shifts in the community dynamics. This discrepancy
could be explained by the absence of colonizing warm-adapted species speeding up
thermophilization. As our analysis was at the ecoregion scale, our results (Figure 2-5.a) are
in line with the expected colonization debt of understory plants over large homogenous
climate areas (Bertrand et al., 2011). The absence of colonization is likely a consequence of
climate being only one of the many drivers of plant dispersal and establishment. The increase
of the establishment and growth rates of warm-adapted species benefiting from climate
change does not compensate for the limited dispersal capacities of plants (depending on
their life cycle, seed traits, etc.) that are not fast enough to follow isotherm shifts induced
by climate warming in lowland ecosystems (Lenoir & Svenning, 2015; Loarie et al., 2009;
Serra-Diaz et al., 2014). The only ecoregions where the contribution of colonization
significantly drives thermophilization (yet by no more than a third) are the mountainous
ecoregions (Figure S2-2; see also Bertrand et al., 2011; Lenoir et al., 2008), where the
distance to track shifting isotherms is shorter than in lowlands (Rolland, 2003) and facilitates
colonization. Other explanatory factors could stem from local adaptation of plant
populations (Franks et al., 2014; Kubisch et al., 2013; Lavergne et al., 2010) and forest
microclimates (De Frenne et al., 2019). Temperature buffering by the forest canopy slows
down thermophilization by reducing the exposure of cold-adapted species to stress and
extreme events (De Frenne et al., 2019; De Lombaerde et al., 2021; Suggitt et al., 2018;
Zellweger et al., 2020). Denser canopy and forest succession also exclude warm- and light-
demanding species, thus slowing down thermophilization (Bergés et al., 2013; Bodin et al.,
2013a). Therefore, our results are conservative in the face of increasing forest microclimatic
buffering via canopy cover, and the exclusion of warm-adapted species by forest succession.
We found a no significant correlation between thermophilization and basal area, and a
significant but weak correlation (5.0% R?) between thermophilization and increment canopy
cover (Figure S2-4). These results confirm that the thermophilization signal is robust and not
dependent on forest maturation.

2.3.2. Absence of large-scale community homogenization

We expected the ecoregion to homogenize toward warmer-adapted communities, in
line with the strong signal of extinction-driven thermophilization (Figure 2-1). However,
homogenization was not a general trend: only 37 out of the 80 ecoregions displayed a
negative AB-diversity (Whittaker By diversity - see Methods section), whereas 43 showed a
positive one. The mean B-diversities of the ecoregions were 12.8 (s.d. 3.7, n=80) in the past
period and 13.1 (s.d. 3.8) in the recent period. The mean AB-diversity across ecoregions was
0.29 (s.d. 1.4, n=80) and was not significantly different from 0 (Figure 2-4.b). Whitaker B-
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diversity index is a measure of homogeneity as it allows to infer y-diversity (the number of
species of the ecoregion) by multiplying the local diversity (a) by B..

The absence of a clear trend in homogenization did not imply a stasis of the
community dynamics. We found significant contributions from the colonization of warm- and
cold-adapted species relatively to the mean optimum of the ecoregion and from the
extinction of cold-adapted species (Figure 2-4.b) to changes in B-diversity. These dynamics
displayed opposite directions and cancelled each other out, resulting in an overall weak
signal of community homogenization. The colonization dynamics contributed significantly to
heterogenization (mean effect 1.08, s.d. 0.97, Figure 2-4.b). This implies that the
heterogenization effect of colonization by rare or new species outweighed the
homogenization (B-diversity decrease) caused by the increase of already widespread species.
Surprisingly, this effect was explained by colonization of cold-adapted species (Figure 2-4.b,
0.87, s.d. 0.71). As no significant increase of cold-adapted species was detected in the
thermophilization analysis (Figure 2-3), this positive contribution is explained by stochastic
colonization by rare or previously absent cold-adapted species. The unpredictability of such
events may arise from extreme but exceptional values of the dispersal distance of some
species (Vittoz & Engler, 2007), dormant seeds in the seedbank (Gasperini et al., 2021), but
also from the limited number of plots in certain ecoregions. With a low number of plots, y-
diversity (the total number of species in the ecoregion) is lower, so that the species
partitioning methods are more sensitive to local colonization by rare species that affects y-
diversity.

Extinction of cold-adapted species - the main driver of community thermophilization
(see above) - significantly contributed to homogenization (-0.74, s.d. 0.82, Figure 2-4.b).
However, the extent of this contribution was comparable to the colonization effect. To
better understand the contributions of extinction and colonization, we partitioned them into
“rare” and “common” species contributions. Species present in less than 10% of the baseline
plots were deemed rare. This further partitioning showed that the decline of rare cold-
adapted species strongly contributed to homogenization (-1.73, Figure 2-6) but was
mitigated by simultaneous gains in heterogeneity caused by the decline of common cold-
adapted species (0.99, Figure 2-6). Although the effect of common cold-adapted species on
AB-diversity was lower, it should not be overlooked because it corresponds to species
contributing to two thirds of thermophilization (Figure 2-6). Furthermore, the decline of
widespread cold-adapted species offset the extinction of rare cold-adapted species by
reducing a-diversity and increasing heterogeneity between plots.
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Figure 2-6: Partitioning of the data presented in Figure 2-4. The contributions to a)
thermophilization (°C decade-1), and b) AB-diversity (unitless) were partitioned on the
basis of species declining or increasing in occurrences, of their thermal optimum relatively
to their ecoregion, and whether these species were rare (baseline occurrences <10% of the
plots) or common (baseline occurrences >10% of the plots). Each dot represents the values
of one of the 80 ecoregions (ntot=80). The dashed gray line delineates the colonization and
extinction components. The mean of each component is displayed. White dot; mean value
of the thermophilization null model. The statistical difference between the null model
value and the original dataset, obtained with a two-sided Wilcoxon test, is also displayed:
p<0.05 (*), p<0.01 (**), p<0.001 (***). Exact P-values are available in Table S1. Boxes; 25th
centile, median and 75th centile; whiskers, 1.5 times the interquartile range.

Our results likely reflect transient community dynamics where a new anthropogenic
stressor initially increases B-diversity by reducing the occurrences of widespread species but
is not acute enough to trigger definitive species extinction (as opposed to the local
extinctions measured here). This first increase in B-diversity could be temporary: all species
would become rarer over time, and eventually become extinct (Socolar et al., 2016). In our
case, the contribution of the decline of rare cold-adapted species to homogenization
outweighed the positive effect of its colonization counterpart. That is, the number of
declining rare species was higher than the number of colonizing rare species. In addition to
the thermal stress imposed by climate change, populations of rare species are likely to be
isolated from their source population and lack the critical size for population survival
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(Leibold & Chase, 2017; Pérez-Navarro et al., 2021). Competition with ubiquitous species
could also play a role in the decline of rare species, but only a further analysis with
abundance-based surveys and B-diversity estimates could disentangle the local dynamics
driving homogenization. We used a rarefaction null model keeping a-diversity constant to
test the sensitivity of B-diversity estimates to the sampling intensity. This model revealed
that a decrease in sampling intensity increased B-diversity, likely because common species
are less sampled. Therefore, our results and the potential observation of homogenization
are robust to decreases in occurrences, whether real or resulting from the sampling
intensity.

The different contributions to homogenization depending on the relative thermal
optima of species are indicative of the relationship between thermophilization and B-
diversity. Thermophilization is a selective process documented in the present study as a
decline of cold-adapted species alongside an antagonistic effect on B-diversity. The
homogenization components, e.g. thermophilization, are correlated with the mean annual
temperature of each ecoregion (Figure 2-5). The higher sensitivity of AB-diversity to
extinction in the southernmost Mediterranean ecoregions highlights a faster turnover of
communities, which causes risks of homogenization if the decline of rare and common
species alike continues.

2.3.3. Implications for forest understory in a warming Climate

Thermophilization is often viewed as the process that leads to communities composed
of species adapted to warmer conditions (De Frenne et al., 2013; Gottfried et al., 2012),
but our results show that it can also stem from local extinctions of cold-adapted species,
with little substitution by warm-adapted species. Our study evidences a lack of persistence
of understory plant species concurrent with rising temperature and exceeding the
establishment and dispersal capacities of plants better adapted to warmer climates. The
discrepancy between communities and climate is often referred to as a climatic debt
(Devictor et al., 2012). Our study illustrates that extinction-driven thermophilization is the
consequence of the “repayment” of this debt (Jackson & Sax, 2010). These extinctions
threaten the ecosystem services that the herbaceous layer and its diversity provide (Landuyt
et al., 2019; Mori et al., 2018; Naaf & Wulf, 2012; Wang et al., 2021).

Further research and the use of different methods could add insights to our results.
The presence/absence methods used here are indicative of the large-scale changes in
species composition, but they do not capture changes in local abundances. The use of
abundance-based metrics could reveal ongoing homogenization through the local spread of
warm-adapted species despite low new plot colonization or local hotspots by rare species
that ultimately decrease the homogenization risk (Tatsumi et al., 2022). Climate-driven
reshuffling is not the only potential source of homogenization. Processes like nitrogen
deposition, agriculture intensification, and forest succession all introduce and favor certain
species and could create redundancy in communities (Danneyrolles et al., 2021; Heinrichs &
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Schmidt, 2017; Merle et al., 2020; Staude et al., 2022). These processes could act in synergy
with climate change, and need to be further analyzed in future homogenization studies
because they can be partly confounded in our results. Our partitioning analysis isolated the
effect of the decline of cold-adapted species - a dynamic less impacted than colonization by
the aforementioned process and limited the risk of misinterpretation.

Our consistent finding of extinction being the driver of thermophilization calls for
increased needs to assess future biodiversity trends. In other ecosystems, where the spread
of warm-adapted species can be faster than in forests, the effects of B-diversity should keep
being studied and monitored (Staude et al., 2022; Xu et al., 2023). We demonstrated that
the extinction of cold-adapted species occurs independently of their rarity, and partitioning
detected opposed dynamics hidden behind a seeming absence of trend. The decline of rare
species is pervasive and hard to detect without dedicated conservation studies, but
widespread cold-adapted species could be used to bioindicate early signs of climate-induced
extinctions. The question of whether increased thermophilization and the absence of
homogenization are transient and respond to the current flora-climate disequilibrium will
need further monitoring but remains critical to preserve biodiversity. Explicitly unveiling the
community dynamics at play will strengthen our capacity to understand and predict
community compositions under an accelerating warming rate.
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2.4.Supplementary Materials
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Figure S2-1: Results of the 200 iterations of the random thermal optimum model (thermal
optima randomly assigned to the species). In this figure, the runs are not averaged: the 80
ecoregions randomized 200 times are displayed. The average values of thermophilization,
AB-diversity and their contribution of the original dataset are displayed.
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Figure S2-2: Thermophilization and AB-diversity in lowland, mountain and Mediterranean
ecoregion clusters (Figure 2-2). Lowland (8,271 pairs, 45 ecoregions), mountain (4,116 pairs,
29 ecoregions), Mediterranean (377 pairs, 6 ecoregions). Each dot represents the values of
one of the 80 ecoregions (ntot=80).
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Figure S2-3: a) Species occurrences (presence in a plot, log scale) in the entire dataset (n=
28,334 plots) in relation to their thermal optimum. The blue line is a fitted linear model
log(occurrences) ~ thermal optimum and its uncertainty (error bar, confidence interval). b)
Y-axis: Relative change in occurrences in each ecoregion for each species. (0% mean stable
occurrences, 100% a species whose occurrences are only found in the “recent” period of the
ecoregion, - 100% a species that lost every occurrence between the two periods, 50% and -
50 an increase or decrease, respectively, of 50% the “past” occurrences). X-axis: total
occurrence (log scale). The species and the linear fit Proportion ~ log(occurrences) are
separated based on whether they were classified as locally cold or warm-adapted species
in the given ecoregion. The error band around the model is the confidence interval of the
linear model.
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a positive value means an increase. A linear model and its uncertainty is displayed, the R?
of 5.0% of (b) is significantly different from 0. The error band around the model is the
confidence interval of the linear model.
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Table S2-1: Thermophilization (°C/decades™) and AB-diversity and their component mean
value (Value) and standard deviation (s.d) across 80 forest ecoregions. The value from the
original dataset (14,167 pairs of plots) and the randomized thermal optimum null model
(see methods) are displayed. The P-value were obtained with a two-sided Wilcoxon one

sample test against 0.

Variable Original dataset Null thermophilization
model

Value s.d P-value | Value s.d P-value
Thermophilization 0,122 0,11 <0.001 -4,13e-04 0,0054 0.583
Extinction 0,118 0,089 <0.001 -2,05e-04 0,0047 0.31
Colonization 0,00346 0,065 0.664 -2,08e-04 0,0037 0.522
Cold-adapted extinction 0,25 0,14 <0.001 0,185 0,096 <0.001
Cold-adapted colonization -0,132 0,087 <0.001 -0,186 0,096 <0.001
Warm-adapted extinction -0,123 0,061 <0.001 -0,122 0,055 <0.001
Warm-adapted colonization 0,126 0,061 <0.001 0,121 0,055 <0.001
AB-diversity 0,291 1,4 0.107 0,291 1,4 0.107
Extinction -0,785 0,91 <0.001 -0,785 0,91 <0.001
Colonization 1,08 0,97 <0.001 1,08 0,97 <0.001
Cold-adapted extinction -0,744 0,82 <0.001 -0,396 0,48 <0.001
Cold-adapted colonization -0,0417 0,46 0.397 -0,39 0,44 <0.001
Warm-adapted extinction 0,877 0,72 <0.001 0,542 0,49 <0.001
Warm-adapted colonization 0,199 0,45 0.000159 0,534 0,49 <0.001

Table S2-2: Thermophilization (°C/decades’) and AB-diversity and their component mean
value (Value) and standard deviation (s.d) across 80 forest ecoregions. The value from the
original dataset (14,167 pairs of plots) and the randomized original dataset where
occurrences are rarefied so that each time period have an equal number of occurrences.
The P-value were obtained with a two-sided Wilcoxon one sample test against 0.

Variable Original dataset Rarefaction null model
Value s.d P-value Value s.d P-value
Thermophilization 0,122 0,11 <0.001 0,121 0,011 <0.001
Extinction 0,118 0,089 <0.001 0,104 0,0071 <0.001
Colonization 0,00346 0,065 0.664 0,0167 0,0072 0.049
Cold-adapted extinction 0,25 0,14 <0.001 0,205 0,0085 <0.001
Cold-adapted colonization -0,132 0,087 <0.001 -0,101 0,0053 <0.001
Warm-adapted extinction -0,123 0,061 <0.001 -0,144 0,006 <0.001
Warm-adapted colonization 0,126 0,061 <0.001 0,161 0,007 <0.001
AB-diversity 0,291 1,4 0.107 -0,314 1,5 0.0855
Extinction -0,785 0,91 <0.001 -1,01 0,9 <0.001
Colonization 1,08 0,97 <0.001 0,696 1 <0.001
Cold-adapted extinction -0,744 0,82 <0.001 -0,825 0,77 <0.001
Cold-adapted colonization -0,0417 0,46 0.397 -0,185 0,4 0.000141
Warm-adapted extinction 0,877 0,72 <0.001 0,771 0,75 <0.001
Warm-adapted colonization 0,199 0,45 0.000159 -0,0752 0,55 0.253
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Table S2-3: Thermophilization (°C/decades™) and AB-diversity and their component mean
value (Value) and standard deviation (s.d) across 80 forest ecoregions. The analysis was
performed with two other thermal optimum value, from the original 2005 and a 2019
analysis of the EcoPlant database(Gégout et al., 2005). The P-value were obtained with a
two-sided Wilcoxon one sample test against O.

Variable EcoPlant Thermal EcoPlant thermal

optimum 2005 optimum 2019

Value s.d P-value Value s.d P-value
Thermophilization 0,111 0,15 <0.001 0,061 0,2 0.0038
Extinction 0,0965 0,085 <0.001 0,072 0,12 <0.001
Colonization 0,0147 0,11 0.11 -0,011 0,15 0.212
Cold-adapted extinction 0,273 0,16 <0.001 0,31 0,18 <0.001
Cold-adapted colonization -0,177 0,12 <0.001 -0,238 0,18 <0.001
Warm-adapted extinction -0,165 0,09 <0.001 -0,208 0,12 <0.001
Warm-adapted colonization 0,18 0,11 <0.001 0,197 0,16 <0.001
AB-diversity 0,0511 1,2 0.941 0,0401 1,1 0.772
Extinction -0,715 0,74 <0.001 -0,136 0,61 0.012
Colonization 0,766 0,83 <0.001 0,176 0,68 0.0422
Cold-adapted extinction -0,628 0,68 <0.001 -0,307 0,49 <0.001
Cold-adapted colonization -0,0868 0,47 0.0709 0,172 0,43 0.00206
Warm-adapted extinction 0,578 0,55 <0.001 0,24 0,48 <0.001
Warm-adapted colonization 0,188 0,48 0.00178 -0,0637 0,37 0.166

Table S2-4: Thermophilization (°C/decades-1) and AB-diversity and their component mean
value (Value) and standard deviation (s.d) across 80 forest ecoregions. The value from the
original dataset (14,167 pairs of plots) is displayed. The value from subsets of the dataset
created by balancing the number of “rare” species within the cold and warm-adapted
categories (and to a lesser extend “common”) is also displayed.

Variable Original dataset Even “rare” species
null model

Value s.d P-value Value s.d P-value
Thermophilization 0,122 0,11 <0.001 0,133 0,11 <0.001
Extinction 0,118 0,089 <0.001 0,102 0,084 <0.001
Colonization 0,00346 0,065 0,664 0,0319 0,059 <0.001
Cold-adapted extinction 0,25 0,14 <0.001 0,233 0,14 <0.001
Cold-adapted colonization -0,132 0,087 <0.001 -0,131 0,091 <0.001
Warm-adapted extinction -0,123 0,061 <0.001 -0,0975 0,051 <0.001
Warm-adapted colonization 0,126 0,061 <0.001 0,129 0,067 <0.001
AB-diversity 0,291 1,4 0,107 0,391 1,2 0,0064
Extinction -0,785 0,91 <0.001 -0,48 0,8 <0.001
Colonization 1,08 0,97 <0.001 0,871 0,84 <0.001
Cold-adapted extinction -0,744 0,82 <0.001 -0,287 0,57 <0.001
Cold-adapted colonization -0,0417 0,46 0,397 -0,193 0,44 0,000175
Warm-adapted extinction 0,877 0,72 <0.001 0,544 0,48 <0.001
Warm-adapted colonization 0,199 0,45 0,000159 0,327 0,49 <0.001
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Supplementary equations.

We define the weighted thermal optimum of an ecoregion of the past period as follow:

_ ZitOPti*OCCipast (1)

Topt =
Pleco past $0CCpast

Where Topt; and occCi past are the thermal optimum and occurrences in the “past” period of

the species i, respectively.
20CCpast is the sum of past occurrences of every species, can also be written Z0CCi past.

We define the weighted thermal optimum of an ecoregion of the recent period as follow:

_ Xitopti*xoccirecent
Topteco recent = 3 (2)
O0CCrecent

Where ocCi recent 1S the occurrences of the species | in the “recent” period.
Thus, thermophilization is defined as follow:
Thermophilization = Topteco recent — TOPteco past (3)

We defined the species i contribution to thermophilization with the equation:

(Topti—ToPteco past) * (0CCirecent— OCCipast ) (4)

Contrib; =
Y. 0CCrecent

And we want to demonstrate that
¥ contrib; = Thermophilization (5)

We first develop (4)

Contrib; =

Topt;*xocCirecent— TOPteco past*0CCirecentt TOPteco past*0CCi past—tOPE; *0CC past

Y. 0CCrecent

(6)

Then the sum of (6) is written as follow:

Y. contrib; =

X tOpti*OCCl' recent™ Topteco past*zi occe; recent+T0pteco past*zi occe paSt_Zi tOpti*OCCi past(7)
X 0CCrecent

We can then simply (7) to

X topt*0CCi recent _ Topt,., past*ZiOCCi recent + Topt,,, past*ZiOCCi past— ZitOPL;*0CC; past (8)

3. contrib; =
¢ ¢ 2. 0CCrecent 2. 0CCrecent 2. 0CCrecent

We can further simplify (8) to
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Yicontrib; = Topt — Topt + @ (9)

eco recent eco past

With:

Topt, ., ast*zt O0CCipast— Zi topt;*0cc; past
b = : (10)

> OCCrecent

We thus need to prove that @ = 0, however:

Topteco past * X.iocc; past = Y.i topt; * occ; past (11)

Thus:

P = Zitol’ti*occipast_ ZitOPti*OCCipast — 0 (12)

Y. 0CCrecent
Which leads to

2 contrib; = Topteco recent TOpteCO past

= Thermophilization (13)
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Chapter 3. High landscape-scale forest cover favors
cold-adapted plant communities in agriculture-

forest mosaics.

Jeremy Borderieux, Jean-Claude Gégout, Josep M. Serra-Diaz
Published in Global Ecology and Biogeography in march 2023

https://doi.org/10.1111/geb.13676

Abstract

The ongoing climate warming is expected to reshuffle understory plant-community
composition by increasing the occurrence of warm-adapted species at the expense of cold-
adapted species. Previous studies have evidenced a warming Community Thermal Index (CTl)
over time. However, data indicate that the local tree canopy can partly explain an observed
lag between understory plant CTl and climate warming rates, though landscape-scale forest
cover effects have not yet been investigated. Here, we test the hypothesis that the amount
of forest cover in the landscape lowers local CTI.

We compared 2,012 pairs of neighboring French forest inventory plots with contrasting
percentages of forest cover within a 1-km radius area (landscape forest cover). We computed
the difference in the CTI of the understory communities for each pair and tested the
contribution of the landscape-scale forest cover, local canopy cover, and soil conditions to
the differences in CTI.

Plots located in highly forested areas (>80% in the 1km area) had an average CTI 0.26 °C
lower (0.81°C s.d.) than plots in sparsely forested areas (<30% in a 1km area). Fifty percent
of this difference was explained by landscape-scale forest cover. Bioindicated soil conditions
such as pH and available nutrients, which correlated with cold-adapted species preferences,
explained the remaining 50%.

Highly forested landscapes allow colder-adapted species to survive in given macroclimatic
conditions. These landscapes meet cold-adapted species soil requirements and may cool the
regional climate. Further microclimatic studies are needed to confirm the cooling capacity
of landscape-scale forest cover.

NB: The term ‘Community Temperature Index’ used in the publication has been replaced
with ‘Community Thermal Index’ for consistency throughout the thesis.

The list of species (and their characteristics) used in this analysis is available in Table A3.
Repository:

https://github.com/Jeremy-borderieux/Article Landscape Forest Cool Comm.git
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3.1.Introduction

Climate change and land-use change are the main drivers of past and current plant
diversity. These drivers and their interaction are leading to shifts in species distribution, the
extinction of the most vulnerable species, and a reshuffling of existing communities (Franklin
et al., 2016; Kuhn & Gégout, 2019; Pecl et al., 2017; Thomas et al., 2004). The flora of the
forest understory makes up 80% of forest vascular plant diversity and plays a key role in
many ecosystem functions (Landuyt et al., 2019). Likewise, understory flora is being
increasingly considered in forest management decisions in the face of climate change
(Blondeel et al., 2021; Gilliam, 2007; Landuyt et al., 2019), and in global forest conservation
and restoration efforts (Stanturf et al., 2014).

The influence of free-air temperature (the macroclimate) on understory communities
is buffered by the cover of local overstory trees (De Lombaerde et al., 2021; Godefroid et
al., 2006; Maclean et al., 2015). Tree cover in temperate forests creates an understory
microclimate characterized by cooler maximum temperatures and warmer minimum
temperatures. Microclimate depends on local stand conditions, but is also driven by broader
scale factors. Topography for example is an important factor that can influence temperature
through elevation, aspect, cold air pooling, as is macroclimate, which is determined by
drivers such as latitude, solar radiation and distance to the coast. The effect of local tree
cover on the understory microclimate and species communities is increasingly under study;
however, less is known about the effect of landscape-scale forest cover on understory
composition.

The forest habitats in central European landscapes have typically undergone intensive
logging in the past, which has resulted in the current mosaic of forest patches of different
sizes. These patches, where forest understory species may persist under existing tree cover,
are embedded in an extensive agricultural matrix (IES, 2013). The influence of landscape-
scale forest cover on the regional climate is still under debate and is currently the subject
of many studies, since forest cover at the landscape scale involves two processes pulling in
opposite directions. On the one hand, temperatures may increase with increasing forest
cover because a forest’s albedo is lower than other land cover types like grasslands and
croplands. This warming effect is most apparent in cooler seasons, when forests do not retain
the snow cover and release a latent heat flux at night. On the other hand, forests have a
cooling influence during warmer seasons, stemming from their higher evapotranspiration,
which directly cools the air and promotes cloud formation (Bonan, 2008; Hesslerova et al.,
2013; Pokorny et al., 2010). The growing season is a critical period for both annual and
perennial cold-adapted species. One could therefore expect that landscape-scale forest
cover could benefit plant species by cooling the hotter and drier (mean and extreme)
conditions in spring and summer that could induce the dieback of vulnerable species. In
those landscapes, the community could also be comprised of cold-adapted species because
they can outcompete the warmer-adapted species located at their cold edge of their
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distribution (Sanczuk et al., 2022). Highly forested landscapes could also influence plant-
community composition and favor cold-adapted species through other means. For example,
large forest patches in central Europe historically grow on low-nutrient soils unsuitable for
agriculture, and are less influenced by fertilization from nearby croplands than small forest
patches (Berges et al., 2016). This is relevant as the cold-adapted species in Europe are also
adapted to poorer soil conditions (Ewald, 2003). Taken together, these two characteristics
increase the potential for highly forested landscapes to conserve cold-adapted species.

In this study, we investigated the role of forest cover in the surrounding landscape
on plot-scale (i.e. local) plant-community composition in agricultural-forest mosaics in the
temperate biome. We carried out pairwise comparisons of forest plots with contrasted
landscape-scale forest cover (1km area) and used community Thermal index (CTl) as a proxy
for community adaptation to climate. CTl is calculated as the average thermal optimum of
the recorded species of a plot. The thermal optimum of a species is estimated from a species
maximum probability of occurrence along the temperature gradient and therefore reflects
the climate that the species experiences in its biogeographic area. CTl may be used to
compare a species’ or a community’s tolerance to the warming climate; a large difference
between the current climate and a species’ optimum can be an early warning sign of local
or regional extinctions (Kuhn & Gégout, 2019).

We hypothesized that (1) plant communities surrounded by highly forested areas
would have a lower CTI than those located in landscapes with little forest cover; that (2)
there would be a pure landscape-forest cover effect, which, (3) together with soil factors,
would explain the differences in CTI.

3.2. Materials and Methods
3.2.1. Overview

We used floristic surveys from the French National Forest Inventory (NFl) and a 20-
meter resolution forest cover map to test the influence of forest cover in the surroundings
on local Community Thermal Index (CTI). This CTI aggregated the thermal optima of every
species on a given plot, thus reflecting the mean climatic preference of the community. We
used pairwise comparisons to reveal differences in the CTI (ACTI) of geographically close
plots (<5 km from each other) with contrasting landscape-scale forest cover (high vs. low
forest cover, calculated within a 1-km-radius area) in a French temperate lowland forest.
We then used a linear model to analyze the effect of bioindicated soil conditions, local
canopy cover, distance to the forest edge, and difference in landscape-scale forest cover on
ACTI. We tested the robustness and the relationship between ACTI and landscape-scale
forest cover by repeating the analysis at different landscape-forest-cover thresholds to
separate high vs. low landscape-scale forest cover.
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3.2.2. Floristic surveys and landscape-scale forest cover.

We extracted plant-community data from the French National Forest Inventory (NFI).
NFI surveys are based on a 1km-by-1km grid sampling scheme. One tenth of the grid nodes
(equally-distanced plots) are surveyed each year to ensure spatial and temporal
representativeness for French forests. We extracted our study plots from the NFI surveys
from 2005 to 2019.

Each NFI plot has a circular nested design where different variables are measured at
varying radii from the plot center. The floristic surveys used in our study were performed
within a 15-meter-radius circle (area = 709 m?).The taxonomy of the described flora was
standardized to the Euro+ Med PlantBase taxonomy (Euro + Med, 2006). We removed tree
species and the other main woody species from our data, since the presence of trees in the
understory is sensitive to management, and because woody species respond more slowly to
environmental factors than do herbaceous forest species. We also removed species that had
not been identified to the species level.

NFI canopy cover data is estimated at the plot level through visual observation of the
light intercepted by the canopy within a 25-meter-radius circle; cover cannot exceed 100%.
We extracted the mean annual temperature (hereafter MAT) for each plot from a model
calibrated with 214 French weather stations (Piedallu et al., 2019). We extracted elevation
from a 25m-resolution digital elevation model produced by the National Geographic Institute
(BD_topo).

We obtained the landscape-scale forest cover for each plot by computing the
percentage of forest cover in the surrounding 1km-radius area. We selected a 1km radius to
capture the immediate surroundings of the plots and to compensate for the fuzziness (+ 250
m) of the coordinates the NFI provides to protect private property. This 1km radius is
coherent with remote sensing studies that have shown an effect of forest cover on regional
climate at a 5km-by-5km scale (Li et al., 2015; Prevedello et al., 2019). Forest cover data
were obtained from ‘BD_Foret V2’, a 20m-resolution forest map (IGN, 2019a). This map was
produced through photo interpretation of infrared images and adheres to the definition of a
forest established by the Food and Agriculture Organization (FAO), i.e. a surface area
exceeding 0.5 ha with more than 10 % tree cover. Lastly, we used the boundaries of the
BD_Foret V2 map to compute the distance to the nearest forest edge for a few plots, for
which the true coordinates were available (the 2006 to 2011campaign).

3.2.3. Calculating Community Thermal Index and soil bioindication

We calculated CTI as the mean of the thermal optima of all the non-tree vascular
plant species occurring in the plot. The species’ thermal optima were extracted from the
ClimPlant database (Vangansbeke et al., 2021). This database provides thermal optimum
estimates based on distribution atlases and the 10km-resolution 1971-2000 climate data of
WorldClim v2 (Fick & Hijmans, 2017) at the European scale. The database covers the entire
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distribution of the species we recorded, thus providing us with an accurate estimation of
their thermal optima. For the 844 different species recorded, we obtained 508 species’
thermal optima. On average, a plot hosted 13 (s.d. 7.4) species with a known thermal
optimum, representing 78% (s.d. 13%) of the studied species of a plot. Species with no
thermal optimum were mostly rare or endemic species.

To go beyond climate, we also selected soil pH and nutrient availability as possible
explanatory variables for, differences in CTl between plots with high and low landscape
forest cover. This step was critical since evolutionary adaptation may create a correlation
between climate and soil preferences for plant species. For instance, cold-adapted species
are generally also adapted to acidic soils (Ewald, 2003; Szymura et al., 2014). The litter in
cold forests is more likely to have slow biotic activity (low temperature, low nutrients conifer
needles), which reduces nutrient cycling and availability (Osman, 2013). By including soil
information, we were also to able to isolate the contribution of climate factors to CTI.

We extracted species pH indicator values from the EcoPlant database (Gégout et al.,
2005), a phytosociological database linking floristic surveys and soil analyses. We extracted
species nitrogen and light requirements, respectively Ellenberg N and L, from Ellenberg et
al. (1992), a large survey of expert knowledge on plant ecology. We assigned a pH indicator
value and an Ellenberg N and L value to respectively 512, 429 and 453 species, encompassing
92%, 61% and 69% of the total occurrences in our dataset. We then calculated the
bioindicated (inferred from the flora) pH, nitrogen availability and light at each plot by
averaging the indicator values of the species present without weighting by abundance
(Carpenter & Goodenough, 2014). To improve the reliability of our soil bioindication, we
maximized the number of species used in our calculations by including all the species
possible, even those without a thermal optimum value.

3.2.4. Study area, plot selection, and geographical pairing of the
plots

Our study site was located in the French temperate broadleaf and mixed-forest biome
where 31% of the land cover is forested (IGN, 2019a). The climate is oceanic to continental
(with larger temperature amplitudes) and the MAT ranges from 8 to 11°C (Météo France
weather stations; Piedallu et al., 2019). The study area included mountain ranges, but the
strict selection procedure described hereafter mainly focused on lowland areas
characterized by alternating expanses of croplands, grazing land and deciduous forest
patches of different sizes.

We selected NFI plots exclusive to this biome, and refined our selection with two
criteria: (1) the plots had to be forested - as opposed to open land or recent clear-cuts, and
(2) to ensure the quality of the CTI value, the plots had to host more than five species for
which thermal optimum information was available.
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The plots with more than 80% of forested area within a 1km radius (251 ha) were
classified as “forested” (F) and those with less than 30% (94 ha) were classified as “non-
forested” (NF). We selected pairs of “forested” vs. “non-forested” plots based on two
constraints: (1) the distance between the plots was <5 km, and (2) the elevation difference
was <50 m. These criteria allowed us to minimize the macroclimatic differences between
plots. In order to give the same weight to each plot, a given plot was only included in one
pair. We used an algorithm to maximize the number of possible pairs respecting the two
constraints: we first paired isolated plots, then paired the plots with many neighbors (see
the Data Availability section for codes). This process resulted in a larger sample size of paired
plots, although the mean distance between the plots of a pair was not minimized.

The final dataset contained 4,024 plots arranged into 2,012 pairs (Figure 3-1.a). The
mean distance between two plots in a pair was 3.6 km (see Figure 3-1.b for an example).
The maximum and minimum distances between plots were 5km and 1km (NFI grid
resolution), respectively. F and NF plots were similar in terms of macroclimatic mean annual
air temperature, with a mean average difference of only 0.06 C° across all plots (Table 3-1).
The plot-scale basal area and canopy cover differed by 2.1 m2/ha and 0.6%, respectively
(Table 3-1). Average pH and mean Ellenberg N values differed between the two landscape
classes: they were higher in NF than in F plots by 0.8 and 0.9, respectively (Table 3-1).
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Figure 3-1:(a) Map of the study area, dots are the centroids of each National Forest
Inventory plot pair, background map is a 1km resolution forest cover map of France (IGN,
2019), brown inset indicates the location of the (b) map. (b) Close-up map of a plot pair,
dots are the NFI plots, circles are the surrounding area used to compute the percentage of
forest cover in the landscape, and dark green is the forest cover at a 20m resolution.
Basemaps credits: OpenStreetMap
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Table 3-1: Environmental characteristics of Forest (F) versus non-forest (NF) plots. Mean of
environmental, landscape and stand variables per plot classification (5" and 95" quantiles
in parentheses). Landscape forest cover is estimated within a 1km radius around the plot.

Landscape = Number Mean Annual Elevation Landscape Landscape Mean Bio Basal Canopy
of the plot of Plots Temperature (M) Forest Forest Ellenberg indicated Area Cover
(°C) Cover (Ha) Cover (%) N Ph (M2/Ha) (%)
Non- 2012 11.00 (9.68- 252 62 19.9 5.3 6.2 (4.6- 24.7 78.3
:;;e)sted 12.91)  (61-633) (19-92) 6.2-  (3.4- 7.2) (4.6 (30-
29.2) 6.7) 49.7) 100)
Forested 2012 10.94 (9.69- 262 281 89.4 4.4 5.4 22.8 78.9
(F) 12.81)  (71-639)  (254-312) (80.8-  (2.7- (4-6.8)  (5.2- (30-
99.4)  5.9) 42.6) 100)

3.2.5. Statistical Analyses

We used a Wilcoxon ranked test to test whether the difference in CTI (hereafter ACTI)
between the F and the NF plots was significantly different from 0.

To test whether variables other than the difference in landscape-scale forest cover
(F vs NF) could explain ACTI, we used a linear model with ACTI as the dependent variable,
and the pairwise differences of the other candidate factors as independent variables. The
variables tested were bioindicated pH, mean Ellenberg N and L indices, year of survey,
elevation and MAT. A stepwise AIC (Akaike Information Criterion) procedure determined the
final model when the addition or the deletion of a variable did not reduce the AIC by more
than 2 points (Akaike, 1974).

We also tested for canopy cover and distance to the forest edge, two determinants
of understory microclimate (Meeussen et al., 2021). Canopy cover values were only available
for 1,940 pairs, and distance to the forest edge for 309 pairs. Consequently, we ran the
variable selection procedure on the complete dataset (2,012 pairs) without these two
variables. We then fitted the selected model with the addition of the canopy cover or the
distance to the edge variable to the appropriate subset of the complete dataset. We thus
obtained three models: the model for the complete dataset, the canopy cover model, and
the distance-to-forest-edge model. The model formulation is summarized in equation (1),

ACTI = intercept + [;*A; +¢ (1)

where ACTI is the CTI of the F plot minus the CTI of the NF plot for each plot pair; A;
is the subtraction of an explanatory variable i for the same F-NF pair, and € is the error term
of mean 0, following a normal distribution. B; is the fitted parameter testing the effect of
Ai. Any significant difference of a parameter from 0 was assessed with a Wald test. The
interest of this formulation is that all the covariables (4A;) are differences. If these covariables
are set to 0, the intercept represents the effect of a difference in landscape forest cover (F
vs NF) per se, all other environmental variables considered.

To quantify the effect the predictors had on ACTI, we computed effect size by
multiplying the fitted parameter B; by the mean of A;. For example, a difference A; can be
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strongly correlated with ACTI at the pair level, but have no effect on overall ACTI because
A is close to 0.

We checked for residual normality, absence of collinearity among the predictors,
homoscedasticity and independence from the other variables not included in the models
(Zuur et al., 2010). The above requirements were met for all of the models tested.

We further assessed the robustness of our results by testing different thresholds to
separate the F vs. NF classes. Specifically, we ran the above-mentioned analysis (2.d, 2.e)
with a varying threshold for F plots. This threshold ranged from [30% - 50%] of forest cover
in the 1km radius to [80% - 100%] by increments of 5%. The NF plot classification was kept
constant [0% - 30%]. This resulted in a total of eleven assessments of landscape-scale forest
effects.

All analyses were performed with the R software v 3.6.1 (R Core Team, 2019) and the
‘sf’” (Pebesma, 2018), ‘raster’ (Hijmans, 2020) ‘data.table’ (Dowle & Srinivasan, 2020),
‘ggplot2’ (Wickham, 2011) and ‘ggspatial’ (Dunnington & Thorne, 2020) packages.

3.3.Results

The plots in forested landscapes (F) had an average CTI 0.26°C lower than the plots
in non-forested landscapes (NF) (P<0.001). The difference in CTl between F and NF plots was
highly variable (0.81°C s.d.). In 63% of the plot pairs, F plots had a lower CTI (the difference
was negative), and for 17% of the pairs this difference was more than -1°C (Figure 3-2).
Conversely, for 37% of the plot pairs, the F plots had a higher CTI, and the difference was
more than +1C° for 6% of the pairs. Differences in CTI ranged from -3.5°C to +3.0°C (Figure
3-2).
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Figure 3-2: Distribution of the difference in Community Thermal Index (CTI, °C) for all plot
pairwise differences (n= 2,012). A negative difference means that the forested plot in the
pair displayed a cooler CTI. The solid vertical line represents the mean of this difference,
the dashed vertical line indicates no pairwise difference (0 °C).

We found only minor effects, that is significant but negligible effects, (effect size <
0.03°C) for AElevation, AMAT, AEllenberg L and AYear on pairwise differences in CTI (Table
3-2). However, the effects of ABioindicated pH and AEllenberg N had more importance on
ACTI: -0.24°C and 0.11°C, respectively (Table 3-2). This greater effect size was caused by
the important difference between the F and NF plots for the two soil parameters (Table
3-1). In our subset of species, thermal optimum was positively correlated, with low statistical
significance, with the pH indicator value (coefficient: 0.16, P<0.10, Figure S3-1, Table S3-1).
Thermal optima and N Ellenberg values were not correlated (P=0.40, Table S3-1).
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Table 3-2: Linear model results relating differences in Community Thermal Index (CTI) to
different drivers. Coefficients (Estimate), Standard errors, P-values, effect size of the
parameter, and adjusted R? for the linear model predicting the pairwise difference in CTI.
Effect sizes were computed by multiplying an estimate by the mean pairwise difference of
the corresponding parameter (except for the intercept).

Parameters Estimate  Std. Error P-value Effect size R?
Intercept -0.133 0.024 <10 -0.13
AElevation 0.00274 0.00082 <10™ 0.027

AMAT 0.279 0.086 0.0013 -0.016
AEllenberg L -0.199 0.019  <10* 0.0074 0-122
ABioindicated pH 0.318 0.025 <10™ -0.24
AEllenberg N -0.131 0.02 <10 0.11

AYear 0.00639 0.0031 0.038 -0.0093

We found a significant effect of local canopy cover on ACTI. This effect however
contributed marginally (effect size=0.001°C) to lower CTl in F plots because F and NF plots
had on average the same local canopy cover (Table 3-1, Table S3-2). We found no significant
effect of distance to forest edge on ACTI (P=0.42,Table S3-3).

It should be noted that these two results do not imply that canopy cover or distance
to forest edge are unrelated to CTI. Rather, they showed that the balance of those variables
created by the pairwise selection successfully reduced their effect size to be negligible. We
fitted our linear model with only pairwise differences as a predictor. As a result, setting the
differences to 0 meant that the model compared the F and NF categories with all other
factors considered to be equal. Thus, the significant intercept we found indicated a
decreased in CTI in F plots not explained by any other factors than the difference in
landscape classification (NF vs F, Table 3-2). The lower CTI in the F plots was robust to
different F-NF classification thresholds (e.g. highly forested landscapes, Figure 3-3) but
lower CTls were especially apparent in landscapes with >70% total forest cover. Effect sizes
of the other factors playing a significant role were also robust to changes in NF-F
classification thresholds. The decrease in ACTI and the contribution of the other factors to
it were linear, we did not detect a saturation effect of increasing landscape-scale cover
effect.
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Figure 3-3: Difference in CTl between a “forested” and a “non-forested” plot (black line)
as a function of how much total forest cover surrounds a “forested” plot. A negative value
means that the forested plot has a cooler community. Colored lines are the contribution
(effect sizes) of the most important drivers of this difference. Effect sizes were computed
by multiplying the fitted parameter of a driver to the mean of its difference between
“forested” and “non-forested” plots. The number of plot pairs for each analysis is shown.
Minor effects are significant predictors but with negligible effect size. Minor effects are:
year of the survey, elevation, mean annual temperature and Mean Ellenberg L.

3.4. Discussion

Our results indicate that the CTI of vascular plants in forest understories is 0.26°C
lower in forested landscapes than in unforested landscapes. This result can be compared
with the recent community thermophilization rates (increasing CTl over time) of ca. 0.1°C
per decade found in temperate forest plant communities (Dietz et al., 2020; Martin et al.,
2019; Richard et al., 2021), and with recent air-temperature warming rates of ca. 0.26 °C
per decade (2002 to 2018) in our study area (Dietz et al., 2020). We found a significant
spatial pattern for the CTI of forest understory plants equivalent to three decades of
thermophilization, or one decade of macroclimatic warming. By controlling for canopy cover
and distance to forest edge, we show that the lower CTl in highly forested landscapes is
explained by differences in soil conditions (pH and nutrient content) that favor cold-adapted
species. The structure of our sampling allowed us to observe a landscape-scale forest cover
cooling on CTI per se.

In our study, bioindicated soil characteristics (Ph and nutrient content) drove 50% of
the difference in CTI between F and NF plots (0.13°C). In landscapes with less than 30%
forest cover, the understory plant communities in our plots were characterized by species
requiring nutrient-rich soils and high pH, and by nitrophilous species. These species had
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higher thermal optima, thus creating a significant (albeit weak) correlation between soil and
climate preference (Figure S3-1, Table $3-1). On average, soil pH and mean N Ellenberg
values were respectively 0.8 and 0.9 lower in F plots (Table 3-1). These differences may
have affected the CTI, as an increase of 1 in a pH indicator value increases the thermal
optimum of a species by 0.16 C° (Table $3-1). Correlations of thermal optimum and soil
preferences have been documented before (Ewald, 2003), they may results from adaptation
of to poor soils found of cold forests (Osman, 2013).

Landscape forest cover was therefore linked to local soil conditions we observed in
the F and NF classes (Table 3-1). In addition, pH and nitrogen are both very sensitive to past
agricultural practices. Small forests are more likely to be younger forests growing on past
agricultural lands in our study region, as shown by historical maps made in cir. 1750 (Vallauri
etal., 2012). The smaller (and generally younger) forests display high nutrient loads because
they are located on former agricultural lands, and conversely, the larger forests historically
grow on less fertile soils (Berges et al., 2016). Furthermore, smaller forest patches and forest
edges are more affected by horizontal fertilization from nearby fields, and by atmospheric
N deposition (Berges et al., 2016). Agricultural mosaics make up most European forests’
immediate surroundings (IES., 2013). Our findings could therefore be applied in most
temperate European forests, where the species pool and agriculture mosaics are similar .

The remaining effect of 0.13°C at the intercept of the model represents an effect
that none of the other included variables explained, and which can be attributed to the
difference in landscape forest cover. The lower CTI in the forested landscapes implies that
the species therein have biogeographic origin of cooler climate. Such species can be present
due to legacy effects; cold-adapted species are associated with old-growth forests (Bodin et
al., 2013b; Dupouey, Sciama, et al., 2002; Ewald, 2003). The remnants of old growth forests
in France tend to be large forests that fall into our definition of forested landscapes (Vallauri
et al., 2012). Cold-adapted forest species also have limited dispersal capacity (Dupouey,
Sciama, et al., 2002). The larger forests in the landscapes with high forest cover could favor
species with low dispersal capacity since connectivity is increased in large, closely-knit
forest habitats (Saura et al., 2014). We cannot exclude the possibility that parts of our
results originate from the temporal dynamic of CTl, that is, thermophilization, as our study
is set in a fixed time span and could be a snapshot of different thermophilization rates
(Richard et al., 2021).

In our analyses, we controlled for microclimatic effects. We carried out balanced plot
pairing and added two well documented determinants of forest microclimate - immediate
canopy cover and distance to forest edge - to our sub-models (Chen et al., 1999; De Frenne
etal., 2019; Meeussen et al., 2021). The effect of the landscape-scale forest cover remained
significant with these controls. This indicates that landscape-scale forest cover may have a
cooling effect on regional temperatures, with a subsequent effect on the understory. Forests
have higher evapotranspiration than other land cover types such as cropland and grasslands,
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thereby lowering the air temperature and promoting cloud formation. The forest cover can
cool the regional climate during the growing season (Bonan, 2008; Hesslerova et al., 2013;
Pokorny et al., 2010), and this service is critical for the survival of understory plants ,
especially cold-adapted species, during the hot summer months. Indeed, the conditions in
the understory depend on local stand structure, but also on the regional climate (De Frenne
et al., 2021).

Our results show a large variability in CTI differences between the F and NF plots
(Figure 3-2). Indeed, 37% of the F plots had a higher CTI than the NF plots. This is most likely
due to sampling conditions. CTl is sensitive to changes in community composition when the
number of occurrences is low. Furthermore, though we selected geographically close plots
with contrasting landscape-scale forest cover to balance the environmental and stand
variables of the two large classes F and NF for the whole dataset (Table 3-1), some individual
pairs no doubt differed in stand conditions (e.g. canopy cover). Such conditions influence
the microclimate (De Frenne et al., 2013) and this contributed to the large variability in
differences we found in the full sample. Finally, we do not exclude the possible impact of
other landscape such as water bodies, urbanized areas, complex edge structures or
topographic elements that could significantly influence climate and community dynamics
(Meeussen et al., 2021).

Our study relied on plant species indicator values but their use is controversial since
indicators can be poorly correlated with actual measurements as they are sometimes derived
from expert knowledge (Marrec et al., 2022; Szymura et al., 2014). We strengthened our
analysis by including the pH indicator value from Gégout et al., (2005), which was calibrated
with soil measurements and a floristic survey database. We maintain that it was useful to
include these indicator variables in our study as a proxy for excess fertilization from nearby
previous and current agricultural activities. Similarly, we combined Ellenberg L (light)
values, when available, and canopy cover data (in one of the sub-model) to better account
for canopy density and light conditions.

We used the mean of the recorded understory thermal optima as our response
variable. The thermal optima in ClimPlant were computed from distribution maps and grids
of macroclimatic temperature (Vangansbeke et al., 2021). These indices are valuable to
infer the biogeographic origin of a species. We interpreted cooler CTI within a highly forested
landscapes as a regional cooling favoring those species. However, the potential of CTI to
infer direct microclimatic temperature is limited (Marrec et al., 2022), future research
including microclimatic measurements or analysis of readily available weather station data,
will be critical to further elucidating the climatic versus soil effects contributing to the
persistence of cold-adapted species observed in our study.

Current climate warming is likely to have particularly harmful effects on cold-
adapted species, which may escape regional warming by retracting to climate refugia with
locally cooler and more suitable microclimates(Corlett & Westcott, 2013; Hylander et al.,
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2022; Kuhn & Gégout, 2019). For forest species, these climatic refugia can be topographic
(e.g. cold air pooling) (Stark & Fridley, 2022), dense forests (Frey et al., 2016) or even
hedgerows in open landscapes (Vanneste et al., 2020). Our study highlights that highly
forested landscapes also promote the presence of cold-adapted species, a refugia that is
expected to last as the buffering capacity of forest will stay constant or increase with climate
change (De Lombaerde et al., 2021). Our results however should not be used to undermine
the importance of small forest patches in agriculture mosaics (Valdés et al., 2020). Forests
in landscapes with limited forest cover harbor on average warm-adapted species, which are
more suited to the warmer climate and are more resilient in the face of disturbances. that
could rapidly remove the forest buffering capacity (Christiansen et al., 2021; Hylander et
al., 2022). In addition, our results (Figure 3-3) show a linear decrease, without saturation,
in CTI with increasing landscape-scale forest cover, as a result, any amount of forest cover
in the landscape can have an effect on CTI. This implies that landscape-scale forest cover
diversity also matters for understory plant diversity by providing a set of different soil and
thermal conditions for a variety of species. Acknowledging such heterogeneity and the
potential refugia of large forests is one of the keys to successful forest biodiversity
conservation at the landscape scale (Hylander et al., 2022). We acknowledge that part of
the difference in CTI could be driven by the colonization of warm-adapted generalist species
in edges and low forested landscapes. We chose to emphasize the presence of cold-adapted
species in “forested” plots as they are the most threatened by climate change, and are most
discussed in recent conservation literature (Hylander et al., 2022). In addition, our regional
cooling interpretation complement the current literature on the potential protection forest
microclimate offers in the warm edge of the distribution of cold-adapted species (De Frenne
et al., 2021; Sanczuk et al., 2022).

Current land use changes will likely drive changes in forest cover and forest
distribution (Doelman et al., 2018; Ellis, 2021). We demonstrate that the mean thermal
optimum of an understory plant community is sensitive to the amount of forest around it.
Large forest masses harbor on average more cold-adapted species, and landscapes with
forest patches of contrasting sizes may provide a suite of opportunities for different species.
As the climate continues to warm, guaranteeing the availability of both forested and diverse
landscapes will be key to ensuring biodiversity protection and ecosystem adaptation and
resilience in the near and distant future.

m Chapter 3



3.5.Supplementary Materials

Table S3-1: Coefficients (Estimate), Standard errors, P-values of the linear model
Thermal optimum ~ pHipgicator vaiue + N Ellenberg . The model was fitted with 243 species
recorded in the dataset of 4,024 plots.

Parameters Estimate  Std. Error P-value
Intercept 7.1 0.594 <10
pH indicator value 0.161 0.0826 0.0527
N Ellenberg -0.0460 0.0543 0.398

Table S3-2: Coefficients (Estimate), Standard errors, P-values, and effect size of the
parameter of the canopy cover model fitted with 1,940 pairs. Effect sizes were computed
by multiplying an estimate by the mean pairwise differences of the corresponding
parameter (except for the intercept).

Parameter Estimate Std. Error P-value Effect size
Intercept -0.131 0.024 <10* -0.13
A Elevation 0.00293 0.00083 <10* 0.028
A Mean annual temperature 0.281 0.087 0.0013 -0.016
A Ellenberg L -0.173 0.022 <10* 0.0069
A Bioindicated pH 0.316 0.026 <10* -0.24
A Ellenberg N -0.117 0.021 <10* 0.094
A Year 0.00555 0.0031 0.077 -0.008
A Canopy cover 0.00136 0.00063 0.032 0.00083

Table S3-3: Coefficients (Estimate), Standard errors, P-values, and effect size of the
parameter of the distance to the edge model fitted with 309 pairs. Effect sizes were
computed by multiplying an estimate by the mean pairwise differences of the corresponding
parameter (except for the intercept).

Parameter Estimate Std. Error P-value Effect size
Intercept -0.186 0.083 0.026 -0.19
A Elevation 0.00251 0.0019 0.2 0.026
A MAT 0.175 0.19 0.36 -0.0063
A Ellenberg L -0.219 0.049 <10 -0.0053
A Bioindicated pH 0.342 0.065 <10 -0.29
A Ellenberg N -0.192 0.052 <10 0.18
A Year 0.0133 0.02 0.51 -0.0032
A Distance to the edge -0.000143 0.00017 0.41 -0.046
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Figure S3-1: Thermal optimum of a species as a function of its pH indicator value. The
occurrence of a species in the dataset (n= 4,024) is represented by the size. The blue line
represents a fitted linear model and its error. (coefficient= 0.142, P-value=0.0613).
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Chapter 4. Topoclimate buffer floristic diversity

from climate in temperate mountain forests.

Jeremy Borderieux, Jean-Claude Gégout, Josep M. Serra-Diaz

In collaboration with the Forest Nature Lab (ForNaLab) of Ghent university:

Emiel De Lombaerde, Karen De Pauw, Pieter Sanczuk, Pieter Vangansbeke, Thomas
Vanneste, Pieter De Frenne.

Abstract

Microclimates strongly influence the composition and diversity of forest plant
communities. Recent studies have highlighted the role of tree canopies in shaping understory
thermal conditions at small scale, especially in lowland forests. In mountain forest, however,
the influence of the coarser topoclimate created by topography is ought to also influence
plants’ perceived temperature. Understanding how such factors interactively affect
understory temperature is key to identify stable refugia that could shelter cold-adapted
forest specialist species under climate change.

Here we report on growing season understory temperatures using 48 loggers in
contrasting topographic features of a mid-range mountain valley spanning from 475 m.a.s.l.
to 1203 m.a.s.l. in the Vosges Mountains (NE France). We disentangle the relative importance
and the effects of topography vs. forest canopy in determining local temperatures. We then
evaluate how topography and canopy-induced variation in temperature drive plant
community composition and richness in 306 vegetation plots distributed across the studied
mountain valley.

Our results show that topography outweighed canopy cover in explaining growing
season understory temperatures. The daily mean temperature of the growing season in
south-facing ridges was 1.5 °C (Cl: + 0.88 °C) warmer than shaded valley bottoms, while
dense canopies cooled temperatures by 0.5 °C (Cl: + 0.48 °C) compared to open canopies.
Topoclimate explained community composition as much as elevation and was the only
significant predictor of species richness. Cold topoclimates harboured 30% more species than
average. This increase in species richness was explained by an increase of cold-adapted
species, both forest specialist and generalist species.

Synthesis. Our findings highlight a stronger role of topography (compared to canopy
cover) on community composition in mountain forests via topoclimatic cooling of north-
facing slopes and valley bottoms. The importance of topographic features to explain
temperature cooling and diversity underpin their role as present and future microrefugia.

The list of species (and their characteristics) used in this analysis is available in Table A4.

Repository: https://github.com/Jeremy-borderieux/Article_microclim_vosges.git
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4.1.Introduction

The study of topography influences on vegetation has fascinated ecologists for more
than 150 years (Johnston et al., 1848), and has further gained in relevance in the context of
the 21° century climate warming (Ashcroft, 2010; IPCC, 2021b; Lenoir et al., 2017). Species
distribution and climatic conditions are often modeled at a coarse resolution (typically 1 km
or coarser), and thereby fail to capture local variation of climate at fine grains: for instance
the topoclimate shaped by topography and the microclimate shaped by forest canopy
(Bramer et al., 2018; De Frenne et al., 2021; Kemppinen et al., 2023). Given that these
factors can attenuate warm macroclimate temperatures, the study of the relative effects
and interactions between topography and forest canopy are key to identify potential areas
of climate stability in a warmer future (Ashcroft, 2010; De Frenne et al., 2021; Haesen,
Lenoir, et al., 2023).

Variation in aspect can create contrasting topoclimates as slopes oriented to the
equator receive more solar radiation. As a result, southwest-facing slopes in northern
hemisphere mountains display warmer mean temperatures, longer growing seasons and
shorter snow cover durations (Ashcroft et al., 2008; Davis, Synes, et al., 2019; Rita et al.,
2021). The physical properties of air also interact with topographic features such as
hydrological basins, valley bottoms and sinks, and create local areas of cold and dense air
pooling that decouple local conditions from the regional climate (Gudiksen et al., 1992;
Pastore et al., 2022). The topoclimate created by these features interacts with the
microclimate induced by forest canopies and jointly determines the understory temperature
experienced by forest organisms. Canopy shading and evapotranspiration lead to a buffering
of summer temperature, warmer winter temperature due to insulation but an overall
decrease of temperature throughout the year (De Frenne et al., 2021; Zellweger, Coomes,
et al., 2019). This buffering is apparent and well documented in temperate lowland forest,
but its relative importance in contrast to elevation and topography is less known, and
evidence has not reached consensus (Macek et al., 2019; Vandewiele et al., 2023).

Canopy cover cooling of understory temperature can have important effects on forest
communities. This is evidenced by the increases of the average thermal optimum of the
species present (a proxy of species’ affinity to climate) in forests where canopy was opened
(De Frenne et al., 2013; Dietz et al., 2020; Richard et al., 2021) and where warmer
understory temperatures are predicted (Zellweger et al., 2020). This sheltering of cold-
adapted species by a dense canopy needs to be compared with topography in mountain
forests, as topographical refugia are likely to offer long-term buffering of temperature.
Topographic refugia also harbor colder-adapted flora and host populations of species outside
their expected climatic range (Ellis & Eaton, 2021; Finocchiaro et al., 2023; Macek et al.,
2019). Understanding the characteristics of the sheltered species can also bring new insights,
an increase of forest generalists for example demonstrates that topoclimate can mimic
understory conditions of dense forests.
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Here we assessed the effects and relative importance of elevation, topography and
canopy cover on in situ measured understory temperatures and plant community
composition and richness. After accounting for the elevation gradient, we specifically asked:
(1) Does topography (aspect and topographic positions) outweigh canopy in explaining
understory temperature, (2) does topography and canopy-induced variation in microclimate
determine community richness and mean thermal optimum? (3) Are plant characteristics
such as habitat preference and climatic affinity related to specific microclimates?

4.2. Materials and Methods
4.2.1. Study Area

Our study region (221 km?) is delineated by the basin of the Thur River, located in
one of the southmost valleys of the Vosges Mountain range in France (Figure 4-1). The Vosges
are characterized by a continental climate with harsh winters and short and stormy summers.
Its mean annual temperature ranges from 6 °C to 10°C and precipitation ranges from 800 to
2,000 mm year ' (period 1970-2000, Météo France weather stations IGN, 2013). Located at
the south-west of the Vosges, the study region is on the warm and dry end of this gradient
(IGN, 2013). Forests cover 76% of the Vosges, which transitions from mixed oak stands and
monospecific Picea abies stands to mixtures of Picea abies, Abies alba and Fagus sylvatica
while elevation increases IGN, 2013). The soil of our study region is mostly shallow loam and
sand with coarse elements. The most acidic soils are found at higher altitude because of
the dominance of needles in the humus and the lower temperature at mountaintops (IGN,
2013; Piqué et al., 1994; Thomas et al., 1999). The topography is highly variable, with an
elevation ranging from 400 to 1424 m.a.s.l (but forest occurrence stops past 1250 m.a.s.l)
with high topographic heterogeneity (Figure 4-1).
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Figure 4-1: Map of the study area (black outline) with the location of the temperature
loggers (white circles) and the vegetation plots (black crosses). The colored scale represents
elevation above sea level, in meters, obtained from a 25-m spatial resolution digital
elevation model. Hillshade effects have been added to visualize the terrain. The inset shows
the Vosges Mountain range (grey) and the location of the studied valley (black point) in
western Europe.

4.2.2. Temperature Predictors

We used 25-meter resolution digital elevation models to extract elevation (m.a.s.l.),
slope and aspect and to calculate topographical indices, heat load and topographic position
(IGN, 2017). We handled spatial data with the ‘raster’ and ‘sf’ package (Hijmans, 2020;
Pebesma, 2018), all the later mentioned analyses were carried on with R.4.2.2 (R Core Team,
2019). We used ‘ggplot2’ and ‘ggspatial’ packages for data visualization (Dunnington &
Thorne, 2020; Wickham, 2011). We computed the heat load index (McCune & Keon, 2002)
using the ‘spatialEco’ R package (Evans & Murphy, 2021). The heat load index ranges from 0
to 1 (least to most incoming solar radiation) contingent on the slope orientation and shading
from nearby topographic features. The topographic position index is the relative position of
the cell in the shortest trajectory between a ridge and a drainage basin end, ranging from 0
(valley bottom) to 1 (ridge, Piedallu et al., 2023).

We obtained the ‘tree cover density’ from the 2018 product of the Copernicus
monitoring service as proxy for local canopy closure (Copernicus, 2018; Sannier et al., 2023).
This product consists of a 10-meter resolution percentage of canopy presence within the
pixel (ranging from 0 to 100%) and was successfully used before to model microclimate
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buffering by canopy (Haesen et al., 2021). This product was correlated with our field
measurements of canopy closure (see below, 2.3 Temperature sampling). We rescaled this
product to match the 25-m resolution of our other maps using bilinear interpolation
(Hijmans, 2020). We rasterized (25-meter resolution) a 20-meter precision map of French
forest to create a mask of the forested area of our study region, in order to limit our analysis
and temperature projection to the forest of the region (IGN, 2019a).

4.2.3. Temperature Sampling

We created a stratified sampling scheme to capture forest understory microclimate
variability (Lembrechts et al., 2021; Schweiger et al., 2016). We created 8 elevation strata
(spanning 20 m intervals) separated by 102 m ranging from [468 - 488] to [1184 - 1204] m
a.s.l., aimed to control for the main driver of temperature in the study area, that is the
lapse rate (Lembrechts et al., 2021). Inside each of these strata, we defined 8 types of plots:
4 plots of lower and higher than 90% of canopy cover (the median in our study area) with a
south or a north-facing slope (defined as lower or higher than 0.75 heat load index). These
4 plots had moderate topographic position indices (between 0.2 and 0.8) and slope (10° <
slope < 25°) as not to cofound their effects with the canopy cover and heat load effects.
Additionally, we defined 2 plots with contrasting topographic position indices (lower than
0.2 and higher than 0.8) under high canopy cover and moderate slope. We lastly defined 2
plots with contrasting slopes: on flat (slope < 10°) and one steep (slope > 25°) under high
canopy cover and moderate topographic position.

Of the initial 64 theoretical plots spanning the 8 strata, only 59 of the defined
situations occurred, mostly because we lacked low topographic position indices (valley
bottom) in high elevation classes. We randomly selected one pixel for each plot and stratum
located in public forests. We repeated this random drawing 10,000 times and kept the set
of plots that maximized the mean minimum distance between plots to reduce spatial
autocorrelation.

We established the 59 temperature loggers in May 2021 and recorded their location
with a GNSS receiver (Trimble TDC600, accuracy= + 2 m undercover). We placed every logger
in public forests because of legal constraints (public forest makes up 80% of the forested
area), with no constraints regarding accessibility. We measured canopy closure (0-100% by a
visual observation in a 25-meter radius around the logger, this measure was significantly
correlated with the remote sensed map of tree density (R? of the linear relationship = 30.0%).
We also estimated canopy cover with a planar picture of the canopy by means of a
smartphone placed on top of the logger and the ‘Glama’ application (Tichy, 2016). Plots
tagged as low canopy cover were placed accordingly by selecting sites with less than 50%
canopy closure as computed by ‘Glama’. The visual observation canopy closure
measurements (25-meter radius) was significantly correlated with the remote sensed tree
density (Figure S4-1), but a weak and non-significant correlation was found with the picture
analyzed by ‘Glama’ (Figure S4-1).
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We recorded air and soil temperatures with TMS-4 loggers (resolution= 0.0625 °C,
accuracy= 0.5 °C) protected with a radiation shield (Wild et al., 2019). The loggers
recorded temperature every 15 minutes until August 2022. Here we only used air
temperature 15 cm above the soil surface, the most representative of what understory plants
experience. We cleaned the time series with the ‘myClim’ R package (Man et al., 2023). We
calibrated the loggers beforehand for a range of -20 °C to +40 °C by placing them in a freezer
and drying oven along with a T-type thermocouple (accuracy= +0.2 °C). From the recorded
period, we focused on the growing season, from 01/04/2023 to 15/08/2023, as it is the most
critical period for plant growth. Out of the 59 loggers, 11 were either malfunctioning, stolen,
destroyed by animals or displayed erroneous values and were discarded. We checked the
capacity of our final sample to cover the variability of our study region following the PCA-
based approach of Lembrechts et al., (2021). Our sampling was also able to cover the
variability of the valley (except for extreme values of low canopy cover and the unusual
valley bottoms of high elevations), the loss of loggers was evenly distributed over plot type,
except for the low canopy cover that suffered the most losses (Figure 54-2).

4.2.4. Floristic and Species characteristic dataset

We compiled floristic surveys performed (during the growing season) by students and
professors covering soil and climatic transect of the region between 2009 and 2022 (average
year=2015.6). All plots were surveyed for all vascular plant species in the herb layer (smaller
than 1 m) and their percentage ground cover was visually estimated. We had 306 floristics
surveys in total across the study region. Floristic surveys were performed in 20 x 20 m squares
(400 m?) with the GPS position (recorded with built-in tablet GPS; accuracy= + 10 m) as the
center. We used this position to extract elevation, heat load index, topographic position
index and canopy cover for every survey. We harmonized taxonomy to the TaxRef V13
standard (Gargominy, 2022). We focused on herbaceous species in the analysis to focus on
spontaneous community dynamics (e.g., trees, and to a lesser extent shrub, are mostly the
result of the presence of nearby mother trees and forest management).

We used the thermal optimum species’ value from ClimPlant V.1.2 (Vangansbeke et
al., 2021). These thermal optima are computed from the mean annual temperature within
the range of species obtained from Europe-extent distribution atlases. Out of the 348 unique
recorded species, 30 were assigned a thermal optimum value, covering 90.0% of the
occurrences of the whole floristic dataset. We averaged the thermal optimum of every
species (without weighting for abundance) of a given survey to obtain the Community
Thermal Index (hereafter CTIl), which quantifies the thermal preference of the whole
community (Borderieux et al., 2023; Vangansbeke et al., 2021). We calculated species
richness of a plot as the number of recorded species whether they had an associated thermal
optimum in the database or not. By doing so, we wanted to include less common species
that were not included in ClimPlant so that our specific richness is representative of the
species pool of our study region. We also assigned a pH optimum value obtained from a
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bioindication database to each species (Gégout et al., 2005), and averaged (not weighted
by abundance) it to obtain a bioindicated pH per plot.

We used the EuForPlant regional list of forest plant species (Heinken et al., 2022) to
assess species habitat affinity. We assigned to each species one of the following affinities:
(1.1) species of closed forest (1.2) species which occur in forest edges and openings (2.1)
Species which primarily occur in forests but also found in cultural landscapes and forest
remnants (2.2) species of open habitats that occurs in forest exclusively through opening
and early succession. We excluded species of open vegetation (classified “O”) because of
their low number of occurrences (42). In total, 274 species were assigned to an affinity class,
covering 85.7% of the occurrences.

4.2.5. Microclimate Modelling

We aggregated the 15-minute frequency time series of the recorded temperature of
the growing season 2022 to daily mean and maximum temperature. First, we removed values
lower than the 5 centile of the day and values higher than the 95" centile to avoid biasing
results due to logger malfunction or a brief burst of sunshine on a logger. We then averaged
the mean or maximum daily temperature to obtain one unique value per logger, the mean
daily and maximum daily temperature of the growing season.

We used a linear model to predict mean and maximum daily temperature of the
growing season with elevation, heat load index, topographic position index and remote
sensed canopy density as explanatory variables. We preferred remote-sensed canopy cover
over the in situ measurements which allowed us to map the temperature models over the
entire study area, and thus infer the understory temperature of floristic surveys (mostly
without canopy closure records). We also fitted two linear models with the field measured
canopy closure (25 m radius observation and planar photography) instead of the remote
sensed one in order to test different methods of canopy closure estimations (Table 52, Table
S3). The exceed in warming due to radiation can be amplified when canopy cannot intercept
light, thus, we tested an interaction between heat load index and canopy closure, and kept
it in the final model if found significant (Davis, Synes, et al., 2019).

The mean understory temperature model (R?= 92.2%) allowed us to map the
contribution of elevation (i.e., lapse rate), map the topoclimate (heat load index and
topographic position) and the microclimate (canopy density) separately to the mean
understory temperature (Figure 4-2). We projected the lapse rate by using only the intercept
and the elevation parameter. We projected the contribution of topography cooling compared
to the warmest situation (heat load index and topographic position index equal to 1)
assuming a median canopy cover (90%) and using the two topographic indices. We projected
the contribution of canopy cover by multiplying its parameter to the tree density product,
this projection is however extrapolated for the 20% of pixels with a canopy closure lower
than 79%.
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4.2.6. Flora Composition Analyses

The soil of our study region can display very different nutrition status and acidity,
which can impact both the richness and composition of a community (Degen et al., 2005;
Koerner et al., 1997; Zellweger et al., 2015). In addition, soil pH is also negatively correlated
with elevation. To account for soil acidity, we first fitted a linear model to predict species
richness and CTI with bioindicated pH as the only predictor. These models had a significant
R? of 32.6% and 21.5%, respectively. We then summed the mean species richness or CTI to
the residual of the corresponding bioindicated pH model to obtain the corrected value. The
corrected values allow comparison between communities with bioindicated pH considered
equal.

We used a linear model to predict the corrected species richness and CTI with the
contribution to mean understory temperature of elevation, topoclimate and microclimate
as predictors (the unit of every predictor is thus °C). The parameters of these two models
(species richness and CTI) are shown in Vegetation plots harbored on average 19 herbaceous
species (s.d. 10.7), the mean community thermal index (CTI) was 7.8 (s.d. 0.55). pH was
strongly correlated with CTI (R2=28.3%) and species richness (R?=32.6%). More acidic soils
had less diverse and cold-adapted communities. We accounted for this relationship by
extracting the residual of a linear model predicting CTI or species richness with pH as the
sole predictor (see methods). After accounting for soil effects, elevation-induced change in
temperature was the main predictor of CTI, but it did not significantly explain species
richness (Table 4-2). The microclimate was not a significant predictor in any of the two
models (Table 4-2). Topoclimate was the sole significant predictor of species richness, and
it significantly explained CTI. The contribution of topoclimatic cooling to the explained
variability of CTI (4.64%) was comparable to the explained variability by elevation (4.6%).
We centered the latter flora analysis around topoclimate cooling as canopy cooling did not
significantly explain the species richness or CTI.

Table 4-2. We discretized our results to better illustrate the control of the significant
predictors of the model. We split the 306 surveys into three classes with an equal number
of surveys, distributed in “cold”, “intermediate” and “warm” classes. We tested the
difference in species richness and CTl between these classes with Wilcoxon rank-sum tests
(Rey & Neuhauser, 2011).

We tested the assumption of normality and homoscedasticity of the residuals of the
microclimatic model, the species richness and CTI model following (Zuur & leno, 2016), and
we tested the significant difference from 0 of the estimated parameters with a Wald test.
We partitioned the variance of the predictors of all the models with the ‘modEvA’ package
(Barbosa et al., 2013)

Chapter 4



4.3.Results

4.3.1. Environmental determinant of the understory temperature

The growing season (GS) temperature of 2022 was above average (mean GS
temperature=11.6 °C, mean GS temperature of the period 2005-2020=13.2°C, Markestein
whether station (1184 m a.s.l), (Météo France, 2024)), as a result, the mean daily
temperature of the understory (15 cm above the soil surface) was 14.6 °C and spanned
between 11.9 °C to 17.5 °C for the higher (1203 m a.s.l) and lower (475 m a.s.l) elevation
sensors, respectively. The mean daily maximum temperature of the GS was 19.3 °C and
reached a maximum of 24.7 °C for the lowest elevation plots. Elevation was the primary
driver of mean temperature variability, with a lapse rate estimated at -0.68 °C 100m™ (Table
4-1). The heat load index- contingent on aspect and slope - was the second driver of mean
temperature, which can vary up to 1°C between low and high radiation slopes (Table 4-1).
Topographic position had a lesser control on temperature, the mean temperature was 0.56°
C lower in the bottom of a valley compared to ridges (Table 4-1). Lastly, remotely sensed
canopy closure cooled understory temperatures. An increase of 20% of total canopy cover
resulted in a decrease of 0.57° C (Table 4-1). The lapse rate explained 87.4% of the
variability in mean temperature, the topographic factors (heat load and topographic position
index) 3.95%, and canopy cover accounted for 0.82%. The R? of the linear model was 92.2%.

The same predictors except for topographic position were significant in the mean
daily maximum temperature model. The heat load index had a higher contribution in the
maximum temperature compared to the mean temperature model, daily maxima varied for
3.3°C between low and high heat load indices (Table S4-1).

Canopy cover visually estimated in a 25-meter radius was not significant in predicting
mean temperature (Table S4-2). Immediate canopy cover (smartphone photography) above
the logger explained significantly mean temperature with an interaction with heat load
index, low immediate canopy cover in high radiation slopes displayed warmer mean
temperature (Table S4-3).
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Table 4-1: Estimated parameters, their standard error and p-values of the predictors
included in models of the daily mean growing season temperature. The range of the
predictors in the calibration dataset and their effect size on the temperature (range *
estimate) are displayed. The percentage of explained variation per type of predictor is
included. P-values were obtained with a Wald test on parameters. Heat load and
topographic position have no units, refer to the methods for their calculation.

Predictor Type of Estimate Standard Range Effect Explained P-value
predictor error size (°C) variation (%)

Intercept (°C) 21.1 1.1 <10-4

Elevation (m Elevation -0.00684 0.000311 475: 1203 -4.98 87.4 <10-4

a.s.l)

Heat load Topoclimate 1.53 0.333 0.335: 0.945 3.95 <10-4

index (n.u) 0.951

Topographic Topoclimate 0.656 0.276 0.147 : 1 0.56 3.95 0.0220

position (n.u)

Canopy cover Microclimate -0.0272 0.0115 79.0: 100 -0.57 0.817 0.0229

(%)

Every predictor of the mean temperature model is spatialized and allowed to project
it on the forested areas of the study region on a 25m resolution map (Figure 4-2). We also
mapped the individual contributions of elevation, topoclimate (heat load index and
topographic position summed) and canopy cover (i.e., microclimate) in the study area. We
represented topoclimate as a cooling effect compared to a baseline location of a south-
facing valley top (heat load index =1, topographic position=1) (Figure 4-2.b). The baseline
for canopy cooling of temperature was 0% canopy closure (as pixels displayed the whole 0-
100% range), however the range of microclimatic cooling from our model is 79% to 100% (80%
of the pixel, Figure 4-2.c). We observe strong effects on understory temperatures caused by
steep spatial difference of elevation, topography and fine-grained canopy cover. We also
used this map and model to predict the mean understory temperature, and the contribution
of the three components above described for further community composition analyses.
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Figure 4-2: a) Elevation induced change in mean growing season understory temperature of
the growing season (lapse of -0.68°C 100 m’'), assuming a canopy closure of 90% and no
effect from topography. b) mean understory temperature cooling induced by topography
(heat load and topographic position, i.e. topography) assuming an average canopy cover
(90%), compared to the warmest situation (south-facing ridges). c¢) mean understory
temperature cooling induced by canopy closure (i.e. microclimate) assuming no effect from
topography. We restrained the minimal cooling to be -1.5°C, however it some pixels
displayed lower values up to 0°C due to low to no canopy closure. d) 2 km per 2 km zoomed
inset of the red square of the other panels, their color gradient corresponds to the color
scale presented in the other panels a-c, respectively. Blank pixels represent land covers
other than forests or forest outside of the study region. Linear model R?: 92.2%.

4.3.2. Determinants of the floristic composition

Vegetation plots harbored on average 19 herbaceous species (s.d. 10.7), the mean
community thermal index (CTIl) was 7.8 (s.d. 0.55). pH was strongly correlated with CTI
(R%z=28.3%) and species richness (R2=32.6%). More acidic soils had less diverse and cold-
adapted communities. We accounted for this relationship by extracting the residual of a
linear model predicting CTI or species richness with pH as the sole predictor (see methods).
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After accounting for soil effects, elevation-induced change in temperature was the main
predictor of CTI, but it did not significantly explain species richness (Table 4-2). The
microclimate was not a significant predictor in any of the two models (Table 4-2).
Topoclimate was the sole significant predictor of species richness, and it significantly
explained CTI. The contribution of topoclimatic cooling to the explained variability of CTI
(4.64%) was comparable to the explained variability by elevation (4.6%). We centered the
latter flora analysis around topoclimate cooling as canopy cooling did not significantly
explain the species richness or CTI.

Table 4-2: Estimated parameters, their standard error and p-values of the predictors of the
specific richness and community thermal index (CTl) linear models. The range of the
predictors and their effect size on the community predicted variable (range * estimate) are
displayed. Both species richness and CTI have previously been corrected for their correlation
with soil pH. The P-value is obtained by a Wald test on the parameter.

Model Predictor Estimate Standard Range Effect P- Explained R2
error size value variation (%) (%)
Intercept 9.71 7.73 0.21
(°C)
Lapse rate 0.324 0.329 12.6: 18.5 1.91 0.324 0.93
Species (°C) 7.7
richness  Topoclimatic -6.91 1.54 -1.55:-0.13 -9.78 <10-4 6.76
cooling (°C)
Microclimatic  0.682 2.35 -2.72: -1.31 0.958 0.771 0.0184
cooling (°C)
Intercept 6.83 0.407 <10-4
(“C)
. Lapse rate 0.076 0.0173 12.6 : 18.5 0.449 <10-4 4.6
Community (°C) 9.2
thermal o oclimatic  0.355  0.0805  -1.55:-0.13 0.503  <10-4 4.64
index (°C) . o
cooling (°C)
Microclimatic  -0.00586 0.123 -2.72: -1.31 -0.00822 0.962 0.0063
cooling (°C)

We divided the 306 floristic surveys into cold, intermediate and warm topoclimatic
classes each comprised of 102 surveys based on topography-induced cooling. The cold
topoclimatic class displayed 23 species on average, while the two other classes displayed
18.5 species on average (Figure 4-3.a). This difference of approximatively 5 species was
significantly different (Figure 4-3.a). The mean CTI of the cold topoclimatic class was 7.7
°C, which is significantly lower by 0.19°C than the CTI of the two other classes (Figure
4-3.b). This discretization of the dataset displayed similar patterns than the one we observed
in the continuous analysis of the linear model (Table 4-2, Figure S4-4).
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Figure 4-3: Species richness (a) and community thermal index (b), corrected for bioindicated
pH, of 306 floristic surveys evenly spread into three topoclimatic cooling classes. The
correction consists of extracting the residuals of a linear model with pH as a sole predictor,
this process could thus lead to negative specific richness. The p-value significance of a
Wilcoxon test between two classes is displayed as follows: (ns): p>0.05 (*): p<0.05(**):
p<0.01 (***): P<0.001.

The decreases in CTl and the increase in species richness in the cold topoclimatic
class were explained by a surplus of relatively cold-adapted species (i.e. with a species
thermal optimum of 9 °C or less) (Figure 4-4.a). The plots (n=102) in cold topoclimates
displayed in total more than 50 to 100 more occurrences of relatively cold-adapted species
per thermal optimum classes (1°C) than the other two categories (Figure 4-4.a). The
intermediate topoclimatic class (n=102) also had a higher number of cold-adapted species
compared to the warm topoclimatic class (n=102) (Figure 4-4.a). The cold topoclimatic class
displayed 300 more forest-specialist species occurrences (Heinken et al., 2022) warmer
topoclimates, whereas the occurrences of generalist species increased by 200 in total (Figure
4-4.b). We recorded a total of 246, 242 and 223 species (i.e., species pool) in the cold,
intermediate and warm topoclimatic classes, respectively. 58, 41, and 33 species were
unique to the cold, intermediate and warm topoclimatic classes, respectively. This mean
that there are redundancies of species between communities, as shown in Figure S4-5.

Page



a)... ‘ s b
)500 | )800 - ™ 8
4004 4
600 B r6
Q @
O 3001 3 8 | 2
5 & 2
3 g "] ‘8
O 2004 2 O o
O @,
200 A 2
100 A -1 [H
O - | J ] [ - 0 0 - L L I]:I-:x:: - O
3 :1 EIS é % é E') 110 1'1 12 13 1?1 1:2 2:1 2?2 6
Thermal optimum (°C) Species habitat affinity
Topoclimate [-1.55:-1.0°] [-1.0:-065° [-0.65:-0.15 °]
categories Cold topoclimate Moderate topoclimate Warm topoclimate

Figure 4-4: Occurrences of species in the three topoclimatic classes as a function of a) their
thermal optimum (°C) and b) their habitat affinity defined by the EuForPlant list as follows:
1,1: closed forest mainly 1,2: forest edges and opening 2,1: forest and open vegetation 2,2:
mainly in open vegetation (Heinken et al., 2022) The plot-scale occurrence of species is also
shown (e.g., 400 occurrences corresponds to approximately 4 species per plots).

4.4, Discussion

We found that both canopy cover and topographic factors strongly influenced
understory temperature during the growing season. We disentangled the elevation gradient
from the topoclimatic and microclimatic factors by estimating the lapse separately, which
was expectably the main driver of understory temperature (Figure 4-2). After controlling for
the lapse and pH, the cooling by topographic factors, namely topoclimate, was the only
significant driver of community composition and richness.

The positive correlation found between temperature and heat load can be attributed
to the higher radiation an equator-facing slope receives, which increases both the mean and
daily maximum temperature of the growing season in closed forests. This contrasts with a
previous study which only found an effect of heat load on maximum temperature (Macek et
al., 2019). Alongside heat load, we found that topographic position influenced mean
temperature so that ridges were warmer and bottoms of valleys were cooler but had no
effect on maximum temperature. We attribute this decrease in temperature to cold air
pooling that occurs during nighttime, thus influencing mean daily temperature but with a
minimal effect during the hottest hour of the day, when air temperature is homogeneously
warm (Smith et al., 2010; Vosper & Brown, 2008). The cooling effect of understory
temperature by canopy cover was most apparent for maximum temperature but was also
significant for mean temperature. These observations concur with studies with comparable
sampling (Davis, Synes, et al., 2019; Macek et al., 2019). We showed a strong effect of
topoclimatic factors on community composition and richness but no contribution of
microclimatic factors. Our microclimatic model allowed us to separately predict the lapse
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rate, topoclimatic cooling and canopy cover cooling with mean temperature as a unit. This
allows inferring direct links between temperature variation and communities, a necessary
step to advance correlative studies.

The lack of correlation between species richness or community composition (climatic
affinity) with microclimatic cooling is surprising as a majority of studies conducted in lowland
forest concluded that dense canopy cover (or closure) explains both the assembly of
communities and their slow temporal response to climate change (De Frenne et al., 2013,
2019; Maclean et al., 2015; Richard et al., 2021; Zellweger et al., 2020). In mountain forests,
however, the contribution of canopy cover to understory temperature is still under scrutiny
(Davis, Synes, et al., 2019; Macek et al., 2019; Zellweger, Coomes, et al., 2019). We found
that topoclimatic factors outweighed canopy closure in explaining understory temperature
in our study area (that harbors limited canopy closure variation and high topographic
variation), which may explain the absence of a link between canopy cover and communities.
This finding adds to the current divergent results from Macek et al., (2019) who found no
effect of canopy and Vandewiele et al., (2023) who found a predominance of canopy control
on temperature in mountain forests. These apparent contrasting results illustrate the
complexity and interactions of factors in mountain forest microclimates, potentially
depending on site-specific variations in topography and canopy cover.

Part of the challenge to determine canopy cover controls in mountain forests stems
from the myriad of methods that are used to estimate canopy cover, ranging from
hemispheric photographs, terrestrial lidar derived metrics to remotely sensed canopy cover
estimations (Ma et al., 2017; Zellweger, De Frenne, et al., 2019). We used Copernicus tree
density 2018 satellite images to calibrate the microclimatic model and predict its buffering
effect onto communities. Remote sensed tree closure density does not account for the
vertical profile of trees, which have profound influence on sunlight interception and
consequently on understory temperatures (Gril et al., 2023; Zellweger, Coomes, et al.,
2019). Remotely sensed canopy cover was significantly but poorly correlated with our field
measures (visual estimation and photography), and the year of remote sensing (2018) does
not match the average year of a floristic survey (2015.6). These inaccuracies and the missing
link of the forest vertical profile could partly explain the lack of a significant relationship
between community compositions and cooling induced by canopy cover. We fitted additional
understory temperature models with in situ measurements of canopy cover to conservatively
reject canopy cover as prominent driver of microclimate and consequently community
composition. These models showed no correlation between understory temperatures and
canopy closure except from the interaction between immediate canopy closure
(photography) in equator-facing slopes (Table S4-2, Table 54-3). This demonstrates the need
to simultaneously study multiple microclimatic drivers and their interactions in mountain
ranges (Davis, Synes, et al., 2019; Greiser et al., 2020).
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We found that temperature variation owing to topography was equally important in
shaping a community’s affinity to climate compared to that of the elevational gradient
(Table 4-2,after soil pH has been controlled for). This is understandably a consequence of
community assembly dictated in part by the environment. Lower temperature at higher
altitudes or in topographically shaded slopes can exert a selection pressure on species not
adapted to cold whereas lower elevation and high radiation slopes select species not
sensitive to late freezing and adapted to warmer temperature (Figure 4-3). Our prediction
of both elevation and topography control on mean temperature are quantified the same unit,
Celsius degrees °C, but topography-induced temperature effect on community composition
is fourfold compared to that of elevation (Table 4-2). This implies that mean temperature
alone cannot drive the difference in community composition, and other biophysical factors
correlated with topography-induced temperature should be at play. Maximum temperature
could be a better predictor of the crossing of physiological thresholds dictating species
selection (Macek et al., 2019; Pérez-Navarro et al., 2021). However, this hypothesis could
not be tested with our dataset as mean and maximum understory temperature were highly
correlated. Soil moisture and vapor pressure deficit can also explain the important
contribution of topography to communities (Davis, Synes, et al., 2019).

Our topographic position metric relies on hydrography, demonstrating that cold air
pooling could occur alongside wetter soils and synergistically favor cold-adapted species not
tolerant to drought (Bénichou & Le Breton, 1987; Finocchiaro et al., 2023; Raduta et al.,
2018). Conversely, ridges and south facing slopes exacerbate the effect of warmer
temperature by desiccation, via stronger winds and evaporation, respectively (Davis, Synes,
et al., 2019; Piedallu et al., 2023; Rita et al., 2021). These factors altogether and the
differences we found in contribution to community composition (Table 4-2) challenge the
use of a single microclimate variable (e.g., mean temperature) to predict community
patterns and species distribution. Explicitly considering other microscale biophysical factors
in a multivariate fashion (Pérez-Navarro et al., 2021), the improvement of mechanistic
modeling of microclimate (Maclean, 2020) could improve predictions of present and future
community composition.

The cold-adapted communities we observed in cold topoclimates are the result of an
increase in relatively cold-adapted species occurrences rather than of a decrease in
relatively warm-adapted species (Figure 4-3). This hints that the constraints on community
assembly, in our study region, are a result of temperature becoming too warm for cold-
adapted species, rather than otherwise. This increase in occurrences explains the higher
specific richness in cold topoclimates (Figure 4-3). Canopy cover has been identified as the
driver of the diversity of many taxa in lowland forests due to its buffering of microclimate
and light interception (Tinya et al., 2021; Zellweger et al., 2015). Its lower contribution to
microclimate variation in mountain forests and the limitation in its measurement mentioned
earlier may explain why we do not detect this pattern. Further to an understory cooling,
colder topoclimates could also increase moisture, thus alleviating competition for water
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during summer and allowing more species to co-occur (Raduta et al., 2018; Sanczuk et al.,
2022).

How these local cooler and wetter conditions are decoupled from the climate
warming trend is of utmost importance as they allow for the persistence of cold-adapted
species (Greiser et al., 2020; Lenoir et al., 2017). The thermal heterogeneity topoclimate
produced in mountain ranges (Figure 4-2) should also be considered as a driver of landscape-
scale diversity (Stein et al., 2014) and a potential source of community adaptation because
species of diverging climatic adaptation coexist in a relatively small area (Hylander et al.,
2022; Lenoir et al., 2013). More specifically, our results support the “identifying and
protecting microrefugia” section highlighted by Hylander et al., (2022), as north-facing
slopes and topographic depressions are easily identifiable from maps, and their cooling
capacities and cold-adapted communities confirmed by visits in the field. Although we didn’t
find a significant canopy variation contribution, canopy is essential to create the ultimate
understory condition and should be preserved to take advantage of the topoclimate. This
could be achieved through selective logging and continuous cover silviculture and the
reduction of edge effects thanks to buffer zones around the microrefugia. Conservation
targeting cold topoclimates is more robust because of the increase in redundancy and
biodiversity those locations provide. Additionally, maintaining a connected forest will foster
the benefits of the thermal heterogeneity created by topography (Hylander et al., 2022).
Indeed, warm topoclimates will serve as source populations of species adapted to the current
climate, and cold topoclimates will maintain cold-adapted populations, resulting in an
heterogenous landscape.

In summary, we show that elevation, topography, and to a lesser extent, canopy
closure determines growing season understory temperature in the Vosges mountains in
France. Besides elevation, the contribution of topoclimate was the main predictor of
community composition and diversity. Understory plant communities of cold topoclimates
(north facing slopes and valley bottoms) harbored a higher number of generalist and forest
specialist cold-adapted species. Our results place topography as a prominent driver of forest
temperature and a key factor to consider for protecting forest cold-adapted species in the
context of accelerated global warming.
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Figure S4-1: Relationship between Copernicus remote sensed tree density and canopy
closure estimated in a 25-meter radius circle (a) and canopy cover estimated by a
smartphone photography and segmented by the ‘Glama’ application (b). The blue line
corresponds to a fitted linear model which equation, Person R? and its statistical
significance are displayed (***): P<0.001, (.) P<0.1. The ribbons are the confidence interval
of the model.
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Table S4-1: Estimated parameters, their standard error and p-values of the predictors
included in models of the daily maximum growing season temperature. The range of the
predictors in the calibration dataset and their effect size on the temperature (range *
estimate) are displayed. The percentage of explained variation per type of predictor is
included. P-values were obtained with a Wald test on parameters. Heat load and
topographic indices have no units, refer to the methods for their calculation.

Predictor Type of Estimate Standard Range Effect Explained P-
predictor error size (°C) variation (%) value

Intercept (°C) 30,6 2,45 <10-4

Elevation (m Elevation -0,00803 0,000685 475.69 : -5,84 56,5 <10-4

a.s.l) 1203.17

Heat load Topoclimate 5,35 0,732 0.335:0.951 3,29 21,5 <10-4

index (n.u)

Topographic Topoclimate 0,333 0,607 0.147 : 1 0,284 21,5 0.587

index (n.u)

Tree density Microclimate -0,0947 0,0253 79.004 : 100 -1,99 3,17 <10-4

(%)

Table S4-2: Estimated parameters, their standard error and p-values of the predictors
included in models of the field canopy cover daily mean growing season temperature. The
range of the predictors in the calibration dataset and their effect size on the temperature
(range * estimate) are displayed. The percentage of explained variation per type of
predictor is included. P-values were obtained with a Wald test on parameters. The canopy
cover was estimated visually in a 25-meter radius circle around the loggers.

Predictor Type of Estimate Standard Range Effect P-value
predictor error size (°C)

Intercept (°C) 19,2 0,605 <10-4

Elevation (m Elevation -0,00656 0,000333 475.69 : -4,78 <10-4

a.s.l) 1203.17

Heat load Topoclimate 1,52 0,359 0.335:0.951 0,934 <10-4

index (n.u)

Topographic Topoclimate -0,00767 0,00599 0.147 : 1 -0,00654 0.208

index (n.u)

Canopy cover  Microclimate 0,42 0,295 50:95 8,82 0.163

25 radius (%)
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Table S4-3: Estimated parameters, their standard error and p-values of the predictors
included in models of the immediate canopy cover daily mean growing season temperature.
The range of the predictors in the calibration dataset and their effect size on the
temperature (range * estimate) are displayed. The percentage of explained variation per
type of predictor is included. P-values were obtained with a Wald test on parameters. The
canopy cover was estimated visually in a 25-meter radius circle around the loggers.
Immediate canopy cover was measured used a hemispherical photography above the logger

and a sky segmentation application.

Predictor Type of Estimate Standard Range Effect P-value
predictor error size (°C)
Intercept (°C) 16,2 0,812 <10-4
Elevation (m Elevation -0,00672 0,000299 475.69 : -4,89 <10-4
a.s.l) 1203.17
Heat load Topoclimate 5,47 1,22 0.335:0.951 <10-4
index (n.u)
Topographic Topoclimate 0,0346 0,0109 0.147 : 1 0,0295 0.00311
index (n.u)
Immediate Microclimate 0,481 0,256 32,2:93,9 0.0682
canopy cover
(%)
Topography Interaction -0,0547 0,0162 0.00171
index X
Immediate
canopy cover
1.
Topoclimate
categories

s O [-1.55: -1.0°)

g Cold topoclimate

< [-1.0:-0.65 °]

Moderate topoclimate

Axis1

[-0.65:-0.15°]
Warm topoclimate

Figure S4-5: The first two axes of a correspondence analysis of the 306 floristic surveys

spread among the three topoclimatic cooling class.
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Chapter 5. Discussion

5.1.Results Synthesis
5.1.1. Aims of the thesis summary

Given the dramatic temperature increase (IPCC, 2021b) and the increase of observed
thermophilization phenomena in temperate forests (De Frenne et al., 2013; Govaert et al.,
2021; Maciejewski et al., 2020), the aim of this thesis is threefold: (1) Quantify the recent
thermophilization in French forests and the community dynamics driving it, as well as its
potential impact and local and regional diversity, and investigate potential sources of
community persistence (protection from climate change) originating from (2) agricultural-
induced mosaic of forest cover and from (3) cooling of understory temperatures by canopy
and topography.

To proceed (1), we used a large number of paired National Forest Inventory (NFI)
plots (n= 14,167 pairs) separated by 10 years and analyzed shifts in species occurrence at
the French ecoregion scale. We computed thermophilization and B-diversity changes
(indicative of homogenization) and partitioned the contribution of colonization and
extinction of cold and warm-adapted species to these changes. Our initial hypothesis was
that thermophilization results from both warm-adapted species colonization and cold-
adapted species local extinctions, and may lead to homogenization triggered by the spread
of warm-adapted species.

For question (2), we used a pairing of NFI plots (n=2,012 pairs) to compare ceteris
paribus communities found in landscapes of varying forest cover. Our initial hypothesis was
that forested landscapes harbor colder-adapted communities, due to a combination of
different soil properties and microclimatic effects stemming from forest cover and edge
effects.

To proceed (3), we measured understory temperatures during the 2022 growing
season in one valley of the Vosges Mountains, in order to test how elevation, canopy cover
and topography drive understory temperatures and subsequently, communities. We
expected cooler temperatures under high canopy and in shaded slopes and valley bottoms.
We expected these locations to host more species adapted to cold climates.

5.1.2. An extinction-driven thermophilization

By comparing the NFI plot pairs of the years 2005 to 2021, we found that ecoregions
thermophilized on average by 0.012 °C yr”, but this rate could climb to 0.25 °C yr' in
Mediterranean ecoregions. The mean rate is comparable to the one established by studies
completed in temperate forests (Govaert et al., 2021; Richard et al., 2021; Zellweger et al.,
2020). Our results are original in the relatively high number of plots used (the caveat being
they are not true revisit plots) and that we pooled our plots at the forest ecoregion scale.
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This scale allowed us to jointly study thermophilization and homogenization, and to partition
these changes into community dynamics.

We found that a surplus of cold-adapted species extinction (compared to a null
model) was the only driving force of thermophilization, our expectation of warm-adapted
species colonization was only partly met in mountainous ecoregions. The signal of
homogenization was variable among forest ecoregions, but we found no significant trend.
The partitioning revealed that an unexpected contribution of rare cold-adapted species
colonization, combined with the synchronous extinction of both rare and widespread species
prevented homogenization from happening. We found a local loss of diversity as plots
displayed on average 0.5 species less, but this loss was very variable among ecoregions.
Altogether, these results show that the climate change effects on French forest communities
are the consequence of the lack of tolerance of cold-adapted species rather than the
promotion of colonization of warm-adapted species, with a visible impact on species richness
but not on B-diversity.

5.1.3. Forest cover impacts community’s affinity to climate

With the balanced comparisons of floristic surveys located both in low and high forest
cover landscapes, we showed that the thermal optimum has dropped by 0.26 °C in
communities of forested landscapes (a figure comparable to the recent 10 years of
temperature warming in western Europe). A simple linear model with pairwise differences
of bioindicated parameters as predictors allowed us to differentiate the conditions of the
plot (soil + light) from a “pure” landscape effect. Indeed, half of the cooling capacity of the
forest landscapes was explained by poorer (acidic and low nitrogen content) soil, which
favors colder-adapted species, and the remaining half by the “pure” effect that we
interpreted as regional and microclimatic cooling of forest cover. We ran this analysis with
a varying window to classify plots as “forested”; as a result, we showed that the cooling
effect exerted by soil and forest cover increased linearly with the forest cover increase.
Forest fragmentation is often interpreted as an impairment regarding forest plants
colonization, but our results show that varying degrees of forest cover might also impact
communities through biophysical cooling.

5.1.4. Microclimate and topography impact community diversity

Our measurements of microclimate showed that, within a steep valley of the Vosges
Mountains, the variation in growing season temperatures was mainly due to topography
rather than canopy closure, a proxy of canopy cover (1.5 °C vs. 0.5°C). Once soil pH was
accounted for, topography-induced microclimate (namely topoclimate) explained
community thermal optimum comparably to elevation, and solely explained species richness.
The average thermal optimum of communities was 0.19 °C lower and displayed 5 more
species in the most shaded slopes and valley bottoms. This increase in diversity is
understandably explained by an increase in cold-adapted species occurrences and an
increase in forest specialist and generalist species alike. The low influence of canopy cover
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effect on communities highlights that stable topographic features may outweigh canopy
cover in explaining the persistence and diversity of communities in mountainous forests.

5.2. Limitations and Implications
5.2.1. Methodological Limitations
5.2.1.1. National Forest Inventory dataset

In chapters 2 and 3, we used subsets of the “recent” protocol of the NFI. This protocol
started in 2005 and is planned to continue at the time of writing. This NFI consists in a 10-
year cycle sampling of a systematic grid laid over forest territory, and plots surveyed every
year are spread evenly all over the territory so that yearly, 5-year or 10-year results can be
produced (IGN, 2019b). Using a single database avoids methodological bias introduced by
merging different databases, a luxury considering that floristic studies often rely on the
aggregation of databases from different studies and periods (Bertrand et al., 2011; Chytry
et al., 2014; Kuhn & Gégout, 2019) or on small sets of controlled plots (Govaert et al., 2021;
Richard et al., 2021). The use of that database, however, still falls short for several
purposes.

As the starting date of this monitoring is 2005, one caveat of our approach is that our
data is already impacted by contemporary climate change, without any “baseline” state -
inherently difficult to define- for further comparison. As a result, we cannot disentangle the
present dynamic we observe from past dynamics. For example, we cannot exclude a
preexisting climatic debt being repaid, on top of the ongoing thermophilization, in explaining
the rates reported in Chapter 2. We also cannot test if the difference in community thermal
optimum attributed to forest cover in Chapter 3 is a fixed pattern or a result of different
rates of thermophilization induced by different forest covers over the forest stand dynamics.

A perfect homogeneity of data should not be assumed when using a unique database,
the NFI comprises field teams with operators of variable skills and experience to determine
a given taxon. This could lead to some regional differences in naming convention through
time (as protocols and operators refine their classification) and space, as teams are spread
in given sampling units. Further collaborations with the National Geographic Institute (IGN)
in order to obtain operator-related data (which can be anonymized) such as “field team”,
“time spent”, and “sampling unit” and considering it would enhance the quality of initial
checks of the floristic surveys.

Due to a combination of time constraints in the field, species identification
challenges, and the fact that approximately half of the NFI surveys are performed outside
of the growing season, NFIs are not exhaustive. While exhaustivity is less of a problem for
the B-diversity metric we chose (Beck et al., 2013), its influence on the partitioning is yet
to be tested (Tatsumi et al., 2021). This is evidenced by the high contributions of rare species
to AB-diversity we observed, the method was very sensitive to species occurring only once
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in either the “past” or “recent” period. By summing the contributions, we were able to
capture the general trend of species dynamics as a function of rarity, but this raises questions
about whether a systemic sampling like the NFI can monitor single and targeted rare species
(Bonnet et al., 2015). Local diversity (namely a-diversity) shifts should also be interpreted
with caution if the proportion of surveys done outside of the growing season is not stable.

We did not thoroughly review the raw floristic datasets used in the three studies
(Table A2,Table A3,Table A4) because of the extensive time and expertise needed to review
more than 700 species. While this possibly undermines the quality of our results, the
assumption that species are detected/display flawed observations are independent of their
thermal optimum (and other characteristics) supports their interpretability. Aside from an
expert review of the dataset, further automatic and semi-automatic curation methods can
be envisioned for future studies. In addition, to the observer bias described above, readily
available species-specific information can be used to control for their absence. The timing
of growth and flowering of plants can used conjointly with the date of observation as a new
explanatory variable for their absence, taller plants and perennial species are also more
likely to be detected, especially outside of the growing season. Species with changing
taxonomy or species hard to determine to the species level also need to be controlled for.
We checked if discrepancies in assignment through time could explain abrupt changes in
occurrences, due to changes in taxonomy knowledge of the field teams. The Agrostis and
Rubus genus were the two instances where changes in occurrences could originate from
changes in classification. Without any supplementary file that could be used to homogenize
the taxonomy, we ran all the presented analyses without including those species and found
no significant differences, they were thus kept in the final datasets.

One last limitation to consider when using the NFI is the imprecision of the
coordinates, blurred to comply with private property protection laws. The NFI reports the
coordinates of the closest center of the 1 km grid used to prepare the sampling, hence the
imprecision can reach 700 m (IGN, 2019b). This imprecision makes studying fine-grained
landscape metrics such as distance to the edge and contingency (Hesselbarth et al., 2019)
impossible. We used a 1 km radius to assess forest cover around an NFI plot. Extracting
climatic data was not affected by this imprecision as our climatic dataset was of similar
resolution (1 km). However, such imprecision could hamper the analysis using new higher
resolution (25 m) climatic datasets (Haesen et al., 2023a). New methods enabling to reliably
query data from the exact coordinates while maintaining coordinates’ secrecy should be
implemented to foster the development of NFI spatial analyses (Gessler et al., 2024).Indeed,
releasing coordinates should always be done with caution, fully public coordinates could
influence forest manager practices (e.g. in fear of not following national guidelines, using
open coordinates to conduct restoration actions), hampering the representativeness of
permanent (and otherwise) plots (Schadauer et al., 2024).
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5.2.1.2. Species thermal optimum

We discussed species individual and community-aggregated thermal optima at length,
however, estimating and using these metrics is far from trivial. Our analyses rely mostly on
ClimPlant V1.2, a database comprising 1168 species thermal optima (Vangansbeke et al.,
2021). This database relies on vegetation atlases and maps that provide historical
distributions of plants, from which the mean value of a climatic grid within the distribution
can be extracted. This realized climatic niche being a means of the climate, it is
mechanistically less variable than the thermal optimum obtained from the maximum
probability of occurrence of the species response curve along the temperature gradient.
Both the maps and the climatic grid (WorldClim V2, 1970-2000) have a coarse resolution of
10 arcminutes (approximately 12 km in Europe); such low resolution also diminishes the
variability of thermal optimum estimation. It is then harder to identify true cold or warm-
adapted species. Averaging all the thermal optima of species present in a community further
reduces variability via regression toward the mean. All the variability reduction sources of
community affinity to climate may lead to underestimation of environmental influence over
it.

This loss of variability is offset by a more reliable thermal optimum estimation: we
used the thermal optima at the European scale, which means that our result can be
interpreted as biogeographical provenance of the recorded species (Araljo & Peterson,
2012). This contrasts with thermal optima computed at the French forest scale (Gégout et
al., 2005), which provide more variable and precise optima. These optima, however, do not
cover the whole range of one species and are only a subset of the true realized niche, which
can lead to incomplete interpretation (Aratjo & Peterson, 2012).

Using community thermal optimum as a response variable allows making a causal link
(after potential confounding factors are addressed) between community and climate change.
Climate change is, however, a complex phenomenon including, but not limited to, water
availability decrease, prolonged drought, and higher daily maximum temperature (IPCC,
2021b). In the absence of an estimated niche for these parameters, we based our
interpretation on the assumption that they are correlated with mean temperature, leading
to a correlation between the different dimensions of one species niche. This reminds us that
optima are derived from the presence of a species, they are not a direct measure of plant
tolerance and physiology but rather another correlative attempt to estimate them (Araujo
& Peterson, 2012; Bennie et al., 2014). The measurements of true physiological limits are
still scarce (read 5.3.4 for more details), limiting their use in a full dataset as we did with
thermal optima, but can be used to validate such optima. We found a significant correlation
between ClimPlant thermal optima and 50% lethal temperature (compiled by Lancaster &
Humphreys, (2020)) of R2=30.1% (n=73, P<10*). This correlation shows that thermal optimum
measures manage to capture physiological limits, but the large room for improvement shows
that they cannot substitute physiological limits measurements.
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5.2.2. Local extinctions, thermophilization and diversity
5.2.2.1. An ubiquitous extinction-driven thermophilization

The study of species’ response to climate takes many forms, starting with the fitting
of species distribution models that estimate a (realized) niche and are thus able to project
the species’ suitability with predicted climate change scenarios (Engler et al., 2011; Thuiller
et al., 2005, 2009). These models generally predict a poleward and upward shift of species
distribution, a shift triggered by an increase in species extinction at the warm edge of the
distribution and increased colonization rates (or a decrease in extinction rates) at the cold
edge (Cahill et al., 2014; Guyennon et al., 2022; Kunstler et al., 2021). Observations of
species range shifts and demography increasingly concur with these predictions, however,
except in mountainous regions, observations of extinction outweigh observations of
colonization (Kuhn, 2016; Kuhn & Gégout, 2019; Lenoir et al., 2008; Rubenstein et al., 2023).
Conversely, thermophilization studies are constrained to the community scale, and how their
results tie to the range shift literature is only implied rather than made explicit. Our
approach aiming to partition extinction from colonization dynamics of thermophilization is
a first step to bridging the gap with the range shift literature, allowing our rates to be
interpreted as a local scale observation of range shift dynamics. Species-centered analyses
such as co-occurrences species distribution model (Ovaskainen et al., 2017) are a way to
validate our observations between community and species centered analysis, as in
(Duchenne et al., 2021). This approach will be helpful to identify which optima and traits
determine assembly rules of communities (as discussed in 5.3.4) as they can be included as
predictors instead of response variables.

The thermophilization rate we estimated to 0.012 °C yr-1, only driven by extinction
of the relatively cold-adapted species of the ecoregion, is indicative of range retraction of
cold-adapted species. Remarkable in our study is the short time span of data needed to
detect this rate (10 years), whereas thermophilization is often detected with multidecadal
studies (Bertrand et al., 2011; De Frenne et al., 2013; Richard et al., 2021; Zellweger et al.,
2020). This is indicative of the quality and number of the data we used but also hints that
thermophilization might be accelerating. The lack or slow rate of thermophilization has been
interpreted as temperature buffering of the canopy (Bertrand et al., 2011; De Frenne et al.,
2013; Maclean et al., 2015). However, this buffering does not decouple understory
temperature entirely from climate change (De Lombaerde et al., 2021), meaning that
beyond a given degree of warming, buffering of communities might fall short. This may
explain why we observe a thermophilization under closed canopies, unlike what (De Frenne
et al., 2013; Zellweger et al., 2020) found. We do not contradict the observations that
canopy opening accelerates thermophilization (Dietz et al., 2020), but rather report a
background extinction rate under stable canopies.

With the dataset used in Chapter 2, we tested the hypothesis of an acceleration of
thermophilization; the results are shown in (Figure 5-1). This exploratory result implies an
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acceleration of thermophilization driven by a sharp increase in the extinction rate and a
lower increase of the colonization rate. The acceleration of thermophilization is coherent
with the rise of mean temperatures in France since 2018 (Ribes et al., 2022). Aside from the
insufficient buffering by the canopy described above, other factors should be considered to
explain how accelerating thermophilization may occur (Urban, 2015).
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Year of the recent plots

Figure 5-1: Thermophilization and its extinction and colonization components, computed as
in Chapter 2, at the French scale, but with a separate analysis for each year of “recent”
plots. Therefore, 2015 reflects the thermophilization analysis of the 2005 and 2015 plots.
Conducting one analysis per year reduced drastically the number of plots per forest
ecoregions, thus the analysis was only conducted at the France scale (i.e. whole dataset
pooled)

5.2.2.2. Thermophilization: the good, the bad and the
diversity

Thermophilization and climate warming rates are often compared: this comparison
coined the terms climatic debt, the lag between flora average thermal optimum and climate
temperature (Jackson & Sax, 2010). Thermophilization is often interpreted as an adaptation
of communities to the novel climate as it reduces climatic debt (Dietz et al., 2020; Pérez-
Navarro et al., 2021; Richard et al., 2021). There is an argument in favor of the gradual
reduction of climatic debt by canopy opening (instead of letting climatic debt grow under a
high-density canopy, leaving the community exposed to an abrupt shift in microclimatic
temperature once the canopy is disturbed, Dietz et al., 2020; Zellweger et al., 2020).
However, the absence of evidence of colonization-induced thermophilization (cf. Chapter 2)
questions these conclusions. We found that the recent thermophilization denotes an
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impoverishment rather than an adaptation of Temperate and Mediterranean plant
communities, placing the reduction of the climatic debt as a non-desirable process. In
addition to the diversity loss, a loss of functionality from remaining plants can be expected,
as plants in the warm edge of their niche lose performances (Wei et al., 2024).

An extinction-driven thermophilization, whether it is accelerating or not, thus begs
the question of its impact on community diversity and conservation. Local extinctions
reduced local diversity by 0.5 species over the 10 years span of our study, but this rate was
not evenly spread throughout all ecoregions. The Alpes, the Massif Central, the
Mediterranean and south-west large ecoregions, all displayed local diversity loss rates of ~1
species decades™ (mostly stemming from the relatively cold-adapted species, Figure 5-2).
These figures should be interpreted with caution as we calculated them only for species with
a known thermal optimum (they are thus conservative, as only 78% of occurrences were
involved), thus may be subject to classification change mentioned in the methodological
limits (Vellend et al., 2008). But even these conservative estimates of a ~1 species decades
! loss are significant when typical flora communities recorded by the NFI count on average
no more than 15 to 30 species, given that time-series are ought to be biased toward a gain
of species richness (Kuczynski et al., 2023). Further to the conservation challenge of avoiding
definitive extinction of species, local loss of species is likely to alter understory functioning
through a loss of complementarity and uniqueness of species function (Landuyt et al., 2019;
Liang et al., 2016; Loreau & de Mazancourt, 2013).
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Figure 5-2: Absolute change of species occurrence per plot as a function of their thermal
optimum, distributed in the 10 large forest ecoregions of France. The sum of all the changes
of occurrence per plot results in the change of local (a) diversity, hence noted as Aa-
diversity.

While there was an understandable decrease in local diversity, we did not find a
significant signal of ecoregion homogenization. Our results thus indicate that the loss of local
diversity concerned both common and rare cold-adapted species. This extinction,
independent of rarity, could be used to counterintuitively identify communities of high
conservation value, usually identified by a set of rare and indicative species. The abundance
or decline of the more detectable abundant cold-adapted species allows identifying
persistent or exposed communities, respectively.

We used a simple threshold of 10% plots occupancy in an ecoregion to delineate rare
from common species of that ecoregion. This threshold met the intuitive expectation of the
AB-diversity analysis (e.g. a decrease of rare species induces homogenization) and could be
used for further NFI occurrence trends monitoring meaningful for conservation. This will be
relevant as the absence of communities’ homogenization we found might only be a transient
state in the response to climate warming. Indeed, B-diversity often increases at the
beginning of the anthropic stressor as extinctions diminish common species abundance but
are not severe enough to trigger definitive extinctions of the rare and differentiating species
(Mori et al., 2018; Socolar et al., 2016). While the ecological causes of rarity are still under
scrutiny (Crisfield et al., 2024; Kondratyeva et al., 2019), evidence suggests that rare
species, due to their specialization, might be declining at a higher pace than generalist
species (Ozinga et al., 2013; Staude et al., 2022; Xu et al., 2023).

An open question is how thermophilization will influence current categorization
based on plants. For example, we used in Chapter 2 forest ecoregions in a fixist manner even
if their delineation is partly based on climate. Our results show that the ecoregion’s flora is
not in equilibrium anymore with climate, new delineation based on current and future
climate may be needed to represent accurate forest ecoregions. Our Analysis could be
redone with these new “shifting” ecoregions, less thermophilization should be detected as
species are expected to shift with isotherms (thus with ecoregion delineation, see 1.2.2). In
addition, plant communities and their diversity are also relevant to the biodiversity of other
taxa they host. Indeed, communities are used either by experts or classification programs to
assign a habitat classification (Maciejewski et al., 2022; Teuscher et al., 2013). These
habitats are under scrutiny because they are relevant units for conservation and
management planning. Thermophilization of habitats is observed in mountains (Maciejewski
et al., 2020). However, how extinction-induced thermophilization will affect future
classification of habitat is an open question. This selective process could subsequently
promotes habitats that will be more redundant, at the expense of habitats associated with
cold temperature. Thermophilization could also create novel assemblages, that will need
new categorization or new methodologies in order to be considered by contemporary
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biodiversity monitoring. The necessity to conserve habitats also highlights the need to
identify biophysical factors of community persistence, ideally delineated in space, to
contribute to future conservation plans and guidelines.

5.2.3. Sources of community persistence exist
5.2.3.1. Varying spatial and temporal scale of persistence

We highlighted in the introduction (1.3.1) the difficulty of downscaling macro
processes to relevant organism-scale factors, and to upscale fine-grained studies’ findings
to large territories (Bennie et al., 2014). In the case of forest understory communities, this
is demonstrated by the need to study the true microclimatic conditions they experience
(Kemppinen et al., 2023). There are increasing efforts and successes to model understory
microclimate in relation to field or remotely sensed data (e.g.: Maclean et al., 2019;
Zellweger et al., 2019b; Gril et al., 2023; Haesen et al., 2023a) but the methods required
may still prove costly in terms of computing and data requirements (e.g. LIDAR). Cost-wise,
intermediary scales can thus be very efficient in answering the large questions of community
persistence. The fact that microclimatic parameters are relevant for very fine scale
organismal processes such as plant physiology (and the challenge that comes with upscaling
that process back) and the cost of using such models motivated us to study an intermediary
scale of biophysical factors that could explain community compositions. While the links
between landscape-scale factors and individuals are more implicit, landscape forest cover
and topography data are easy to obtain for every scale and can still have predictive power
on community compositions (Bennie et al., 2014).

5.2.3.2. Forest fragmentation impact on community

Forest fragmentation’s role in community response to climate is often viewed through
the lens of colonization and dispersal of plants (Aguilar et al., 2006; Dullinger et al., 2015).
Our results show that forest fragmentation also influences communities’ affinity to climate
through differences in soil conditions and the cooling effect of forest cover. The dependence
of soil conditions to the bedrock, the historical land use and the subsequent consequences
on communities have been studied before (Dupouey et al., 2002b,a; Berges et al., 2016).
The unexpected correlation we found between soil and thermal optima of species enables
soil to be a relevant predictor of communities’ current and future affinity to climate.
Historical land use is dependent on the regional context, but it is likely that the pattern we
found - more acid and less fertile soils in high forest covers - can be replicated by
agricultural practices in the European forest mosaic (Ellis, 2021; IES et al., 2013). On the
other hand, the cooling effect of forest cover we measured here may be more easily
generalizable as it stems from the interaction with regional weather and trees (Pokorny et
al., 2010). This lines up with the initial expectations that habitat fragmentation alters
unevenly temperature within fragments if the different matrices are of different
temperatures (Arroyo-Rodriguez et al., 2017; Chen et al., 1999; Tuff et al., 2016). We
cannot fully determine what amount of this unexpected cooling originates from regional
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cooling of forest cover (Pokorny et al., 2010) or edge-to-interior gradient of temperature
(we controlled for it, but with a limited number of plots, Meeussen et al., 2021). As the
cooling capacity of forested areas (> 250 ha of forest) may originate from cooling of the
regional climate, this could be confirmed by studies compiling wheather stations and using
percentage of forest cover as a predictor of temperature. As wheather stations are placed
in open fields, this investigation is of interest because it also to test if open vegetation also
benefits from the cooling of large forests. The biophysical cooling of forest in a diverse
mosaic would thus cool both understory and open species in the same regional climate area.
This argument adds up to the body of literature that advocates diverse landscapes as a source
of resilience in the face of global changes (Fischer et al., 2006; Stein et al., 2014).

This places large forest patches in the landscape (> 250 ha of forest, in a circle of
300 ha, as with our methods) as important features to favor cold-adapted species in mosaic
landscapes. However, the extensive and intensive agriculture of Europe does not allow
forests this size, which may lead to an uneven distribution of the forest cooling capacity. To
illustrate this, we computed the cooling capacity of every cell of forest of the Copernicus
forest cover map (20 meter resolution, Copernicus, 2018) across Europe, when data was
available. We obtained the cooling capacity of a cell by multiplying its amount of forest
around a 1km radius circle by the decrease in CTl we found in Chapter 3 (- 0.26°C when
forest cover increases by 70%, thus a cooling capacity ranging from 0 to 0.37°C for an
increase from 0% to 100% forest cover). We summarized this high-resolution map to two
values, projected on the 9.25 km resolution map of one land use classification model (e.g.
croplands, urban, mosaics of croplands and forests, van Asselen & Verburg, 2012). The two
values were the 10" and 90" centile (i.e. ‘minimum’ and ‘maximum’) of the cooling capacity
of the forest cells within the land uses cell (Figure 5-3.a). This projection showed a lack of
cooling capacity of forest cover over large areas of cropland in the UK, France, and Eastern
Europe (Figure 5-3.a). We show that continuous forest systems understandably harbor the
higher potential of community cooling, but mosaics of forest and croplands (due to their
massifs of diverse sizes) had the highest range of cooling capacity (Figure 5-3.b.c). This
means that a variety of forest cover types will lead to communities with various climatic
affinity ranges, potentially increasing regional diversity. While there is no substantial
evidence of warm-adapted species colonization in lowland forests, diverse landscapes that
already host warmer-adapted species could be the first to display thermophilization-induced
adaptation because of the proximity of warm-adapted species enabled by the small massifs.
This facilitation of colonization could coexist with the large and cold massif that could serve
as a population source for the most cold-adapted species of the landscape.
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Figure 5-3: (a): Distribution of the minimum and maximum of the cooling capacity on
Community Thermal Index (CTI) by the forest landscape. Minimum and maximum cooling
capacity of CTl are defined by the 10th and 90th percentile of the distribution of the cooling
capacity of forest cells contained within a land uses cell (resolution: 9.25 km), as shown by
the three insets, in (b). Areas where the cooling factor is extrapolated from the initial
dataset are shown in lighter areas. (b): Example of three varying land uses cells, a cropland,
a forested, and a mosaic of forest and cropland land uses, and their respective distribution
of the amount of forest (in a buffer of 1 km radius) around each forested cell, converted
to a cooling capacity on CTI. (c): Mean minimum and maximum CTI cooling capacity of land
uses cells (within the area without extrapolation) per land uses classification, number of
cells are displayed for each classification.

Chapter 5



5.2.3.3. Topographic Cooling Impact on Community

The study of topography-induced climatic refugia was first mostly concerned with the
characterization of the physical processes enabling them, such as the decoupling/buffering
of regional temperature by cold air pooling in valleys and by differences in slope aspects
(Chen et al., 1999; Dobrowski, 2011; Rull, 2010). Our study is part of the growing body of
literature that now seeks to validate the effect of such buffering mechanisms on
communities (Batori et al., 2021; Finocchiaro et al., 2023; Greiser et al., 2020). We cannot
test the temporality of the cooling effect we observe on communities because of the lack of
vegetation and temperature records series covering longer timespans. Thus, further
monitoring and projection of microclimate cooling are needed, especially because the
increase of local diversity we found in cold topoclimates (of 5 species) is comparable to the
mean extinction of ~1 species decades'. Optimistically, the microclimate induced by
topographic features is decoupled from macroscale trends and can conserve durably cold-
adapted species. Otherwise, it may only partly buffer trends and slow down
thermophilization. In either case, that makes cold refugia relevant targets for conservation
planning, which can be first identified from topography maps, and confirmed via
measurements and bioindicates of sensitive cold-adapted species (Finocchiaro et al., 2023;
Hylander et al., 2022; Pastore et al., 2022). Validation is indeed necessary, as what can
make a microrefugia unique is often small-scale topographic features such as rivers and small
cliffs, a precise information most digital elevation models lack (Ishiyama et al., 2022; Man
etal., 2022).

In our study of topography-induced variation of microclimate and communities, both
the loggers and surveys were placed to cover a maximum of variability sources, in a
continuous fashion. This approach contrasts with refugia studies which often determine
potential microrefugia first and compare them dichotomously with a nearby non-refugium
area (Finocchiaro et al., 2023; Greiser et al., 2020). Our approach does not require prior
knowledge of targeted refugia but will require setting a threshold and in-situ validation to
go from characterizing “cold topoclimate” to a true climatic refugium (Rull, 2010). While
cold topoclimates and refugia represent a compelling way to increase the persistence of
cold-adapted species, only cold, shade and moisture-adapted communities (and by extension
habitats) will be preserved. This means that other sources of persistence should be
considered to preserve lowland and mountain communities whose environmental conditions
do not match the criteria of the refugia we studied in mountains.

5.3.Perspectives
5.3.1. A growing dataset of community records

The increase in quantity and representativeness of resurvey data of baseline
situations is key to improve our understanding of community shifts (Verheyen et al., 2017).
In that regard, NFI Initiatives integrating understory flora are a powerful tool for further
studies and diversity monitoring. The French NFI lacks a true resurvey of plots, but the
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systematic nature of the grid sampling makes it so that 10-year cycles are representative of
French forests. Every year, approximately 6000 new communities are sampled with a
homogenous protocol. Even if yearly-cycle representativeness is less robust (and should be
accounted for), they enable year-to-year monitoring of several trends, such as the
thermophilization acceleration shown in Figure 5-1. Once the second 10-year cycle is
complete, several new types of studies will be made possible. For example, we brought as
a limitation the singular time frame of our forest cover study on communities’ persistence,
but a similar kind of study could be conducted separately for the two cycles, allowing for
temporal comparisons of the studied ecological spatial patterns.

The whole NFI or the balanced subset enables a monitoring of local diversity, as
brought in (5.2.2). Whether part of the loss of local diversity is due to a diminishing sampling
effort over time is up to debate and should be elucidated for robust measurement of diversity
loss. However, diversity changes relative to a species thermal optimum (or any other
characteristic) may still be assessed because a diminishing sampling effort should affect
species independently of their characteristics (e.g. Figure 5-4).

Aggregations of continent-wide ecological datasets are carried out at the species
occurrence level, which leaves room for initiatives such as mergings of several countries’
NFI to obtain continent scale understory and canopy tree composition (Chirici et al., 2011).
This effort requires tremendous homogenization work, a limiting factor that explains why a
merged, continent-scale NFI is not available yet (Gschwantner et al., 2022). Furthermore,
the majority of European NFls lack community data. However, our successful study of
composition shifts advocates for the start of such surveys. Merges of NFls are currently
constrained to trees (health, growth, etc.), regeneration and habitat typology (Chirici et al.,
2011; Kovac et al., 2020). Alternatively, mergings of targeted NFls could be useful to answer
specific questions. For example, finding similarities with the Spanish NFI will allow for a
better understanding of the understory dynamics of woody species that could deepen our
knowledge of the Mediterranean-temperate forest transition.
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optimum. The gray dotted line represents a theoretical relationship between the two axes
under the assumption that a loss in sampling effort alone reduces diversity and is
independent of thermal optimum. The blue dotted line represents the actual relationship
between the two axes. Species with a thermal optimum lower than 4 ° or higher than 14°
were removed because of their low number of occurrences but followed the same trend.
Data is from chapter 2 paired dataset.

5.3.2. Opportunities for Space-for-Time substitution studies

The French NFI (and its subset we built with pairings) are meant to be representative
of the spatial resource through time. This highlights the potential of the NFI to both carry
out and validate space-for-time substitution studies (SFTS) of community responses to
climate change. While SFTS are often employed for projections of species distribution and
suitability under future climate, the assumption that the spatial climatic gradient influences
communities similarly to the temporal rise of temperature is left unvalidated (Lovell et al.,
2023). Spatial (thus climatic) patterns of communities could be first investigated with one
cycle of the NFI and validated with newer plots that underwent the recent shift in climatic
conditions. To assess the feasibility of this prospect, we must first check if the variability of
the mean annual temperature increase (~0.25 °C decades™” in recent years) is sufficient
compared to the mean annual temperature gradient in France. The quantification of the
true shift in community composition compared to the prediction obtained from a spatial
climatic gradient will improve our predictive capabilities.

5.3.3. Towards an improvement of niche estimations

With the increasing availability of microclimatic data, it is now possible to fit species
distribution models with much smaller scale data (Haesen, Lenoir, et al., 2023; Lembrechts
et al., 2019). It is thus also possible to characterize more precise thermal niches for forest
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species (Haesen, Lenoir, et al., 2023). These niches will enable further refugia validation by
testing whether a species is in its current range (species within both niche boundaries) or if
its presence is contingent on microclimate (the species is within the microclimatic niche but
not included in the microclimatic niche).

Another source of improvement of niche estimation is to extend its estimation beyond
free air or understory temperature. A first step would be to include soil temperature and
moisture (Lembrechts et al., 2020), vapor pressure deficit and other hydric variables
(Piedallu et al., 2023). In that regard, the approach taken by (Pérez-Navarro et al., 2021) is
promising: by summarizing 12 bioclimatic variables (Fick & Hijmans, 2017) within one species
distribution with a principal component analysis, they were able to stay close to the
Hutchison hypervolume definition of the niche but with a manageable number of dimensions.
It also allowed them to compute multivariate climatic debt, as climate change affected more
than just temperature in their study region. This approach is a necessary step to elucidate
the ecological questions underlying range shift and community reassembly studies: what
process (diffuse heat stresses, heat waves, diffuse water limitation stresses, severe
droughts, late frosts, milder springs, etc..) truly eliminates or promotes individuals of a
species within a community?

5.3.4. Integrating traits and population dynamics into the mix

The betterment of the use of correlative niche-related approaches (described above)
should not undermine the potential for integration of true measurements of species
tolerance traits. Through experimental and greenhouse studies, their availability is
increasing for both tree, shrub, and herbaceous species. For example, in the flora dataset
used in Chapter 2 (Table A2), 38 shrub species, 41 tree species and 56 herbaceous species
displayed a determined cold and warm tolerance from (Lancaster & Humphreys, 2020),
encompassing 16% of the occurrences (including trees). Cold and freezing tolerance is
especially helpful for uncovering the pattern created by late freezing and harsh winter on
vegetation. Aside from thermal tolerance, there is also room to explore hydric failure traits
(denoting drought tolerance), because as we previously mentioned, drought must be an
integral part of the climate change effect on plants (Bartlett et al., 2012; Choat et al.,
2012), however, these data are more scarce.

Paradoxically, when it comes to predicting species range shifts and community
reshuffling with traits, researchers are often met with poor (albeit significant) predictive
power (Angert et al., 2011; Ozinga et al., 2009). The poor predictive power they found is
often attributed to the lack of interaction between the traits tested and the environment.
In addition to thermal and drought tolerance traits, updated Ellenberg values (Tichy et al.,
2023) and dispersal mode and distances are increasingly available (Lososova et al., 2023).
These traits can be used to create ambitious multifactorial models with explicit interactions
(Decocq et al., 2023). Dispersal traits control on community patterns and reshuffling should
be tested interactively with fragmentation metrics to study plant colonization in lowlands.
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Traits that induce persistence such as the microclimatic niche should be considered along
with canopy opening and south-facing slopes that exacerbate the risk of cold-adapted
species local extinction. One interesting modeling prospect when using traits as predictors
is the use of Hierarchical Modeling of Species Community (HMSC) that allows to
simultaneously fit several species distribution models, using trait and optima as predictors
of the assembly of community (Ovaskainen et al., 2017).

One lacking trait for persistence studies is the longevity and detailed life cycle of
perennial herbaceous species (Sanczuk et al., 2023). Indeed, we still don’t know if refugial
populations found in cold topoclimates are viable and reproducing or if they consist of long-
lived individuals slowly declining (e.g. Ulrey et al., 2016). The use of phenocams,
photography and resurveys of microrefugia will help assess these dynamics and estimate the
longevity traits for the species of interest.

5.3.5. Interactions and implications for forest management

Human-induced change in environments has only been studied indirectly throughout
this thesis. Canopy cover and landscape forest cover are both susceptible to management,
but we did not test any specific management regime. This renders our results unsuitable for
a straight handover to forest managers, even though their concerns about understory
diversity and forest regeneration are growing (Blondeel et al., 2021).

In our studies, we removed understory regenerating trees from the surveys, as
unchecked management practices could confound our results, and because of their slower
response to stress, given they are long-lived woody species. However, observations of
mismatches of climatic niches between adults and regenerating trees might indicate a
change of species in the overstory layer for the coming generation of trees (Bell et al., 2014;
Caron et al., 2021; Lenoir et al., 2009). Insights for forest management may be gained if the
patterns we report in perennial herbaceous species also apply to juvenile trees. Community
reshuffling and response to landscape-scale sources of cooling could be used to bioindicate
early signs of the same effect on trees. For example, an extinction-driven thermophilization
could indicate a decline in cold and wet-adapted juvenile trees such as Fagus sylvatica in
lowland forests (Kuhn, 2016; Kuhn & Gegout, 2019). Differences in climatic affinity of
juveniles will have different consequences on the diversity of trees depending on the forest
patch size (Hertzog et al., 2019), while the better performance of cold-adapted species in
cold topoclimate may correlate with better performance of juvenile and adult cold-adapted
trees (Bert et al., 2022). As a consequence, our results confirm the need for forestry practice
to consider topoclimate beforehand, as the decoupling from local climate could be leveraged
to promote the coexistence of cold-adapted stands of Fagus and Abies and stands adapted
to the novel climate in limited geographical extents.

Lastly, our results advocate for maintaining forest cover by reducing clearing or
selective logging - especially in the strategic places of high cooling by landscape-scale factors
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- to preserve cold-adapted communities and their corresponding habitats. Biodiversity
preservation, wood production and public reception are the missions given to the forest
manager, but meeting these goals may require facing hard to balance antagonistic forces.
This materializes in the increasing demand of forest actors for guidelines and modeling-
based decision tools to steer forests in desirable conditions despite an uncertain future
(Blades et al., 2016; Blondeel et al., 2021; Wen et al., 2022). This is a reminder that
analogous to the climate change discourse, there is a need to summarize all the complexity
outlined by researchers into direct and distributable knowledge, empowering the thousands
of people collectively shaping future forests in their ability to do so.
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Annexes

List of appendices:

Table A1: Forest ecoregions (NFI Sylvoécoregion code) summary information. Weighted
thermal optimum mean (puTopt) of past and recent plots, contribution of extinction and
colonization to ATopt, Whittaker B-diversity, mean a-diversity (pa), y-diversity of past and
recent plots, and number of plot (humber of pair *2).

Table A2: Species names (TaxRef V13), past (2005-2011) and recent (2015-2021) occurrences
and thermal optimum (Topt) of the 756 recorded species of the chapter 2 analysis (N plots:
14,167), 434 species (and occurrences identified to the genus level) with more than 10 total
occurrences are also displayedTable A3: Chapter 3 List of species

Table A3: Species name, occurrences in not forested plots (NF), forested plots (F), thermal
optimum from ClimPlant V1.2 (Topt), pH optimum from EcoPlant (pH) and habitat
preference classification from the EuForPlant list. Table A4: Chapter 4 List of species

Table A4: Species names, their total occurrences (N) in the dataset, broken up in the cold,
intermediate and warm topoclimate categories, their thermal optimum (Topt), pH optimum
(pH) and the EuForPlant habitat classification (N plots: 306).

The habitat classification presented thorough the annexes (A3, A4) is the one used in the
EuForPlant list: (1.1) species of closed forest, (1.2) species which occur in forest edges and
openings, (2.1) Species which primarily occur in forests but also found in cultural landscapes
and forest remnants, (2.2) species of open habitats that occurs in forest exclusively through
opening and early succession, (O) species of open habitat (Heinken et al., 2022).

Table A2 presents species with thermal optimum and without thermal optimum if they had
more than 10 occurrences. Table A3 displays only species with thermal optimum. Table A4
displays every recorded species regardless if they had a thermal optimum or not. As species
without were sometime removed ClimPlant thermal optimum values and trees were
removed, a complete list of species under the names ‘list_of_species_full.csv’ is available
in each chapter’s repository: https://github.com/Jeremy-borderieux
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Table A1: Chapter 2 Ecoregion information

Table A1: Forest ecoregions (NFI Sylvoécoregion code) summary information. Weighted
thermal optimum mean (uTopt) of past and recent plots, contribution of extinction and
colonization to ATopt, Whittaker B-diversity, mean a-diversity (ua), y-diversity of past and
recent plots, and number of plot (number of pair *2).

SER UTopt pTopt ATopt ATopt B B Ha Ha Y Y N
code past recent Ext Col past recent recent recent recent recent

A11 8,72 8,86 0,13 0,01 11,66 10,5 11,66 10,47 136 110 312
A12 8,72 8,85 0,11 0,02 9,04 8,46 10,62 8,98 96 76 106
A13 8,39 8,44 0,01 0,04 10,55 11,22 9,77 8,38 103 94 240
A21 8,79 8,83 0,04 0,01 9,54 9,22 9,64 8,57 92 79 112
A22 8,67 8,88 0,16 0,05 10,25 9,64 8,78 9,02 90 87 90
A30 9,14 9,27 0,2 -0,07 6,6 8,26 14,09 10,41 93 86 64
B10 8,54 8,51 0,07 -0,11 12,88 15,17 11,18 9,76 144 148 324
B21 8,32 8,2 -0,01 -0,11 6,48 7,51 12,82 13,18 83 99 44
B22 8,2 8,47 0,22 0,05 7,85 7,22 10,95 10,25 86 74 40
B23 7,84 7,98 0,03 0,12 9,58 8,53 11,06 14,77 106 126 130
B31 8,73 8,81 0,13  -0,05 7,75 7,09 10,7 1,7 83 83 54
B32 8,58 8,84 0,21 0,06 13,15 13,73 10,95 8,45 144 116 264
B33 8,74 8,68 0,02 -0,08 12,48 14,83 9,93 8,9 124 132 270
B41 8,62 8,68 0,1 -0,04 19,9 18,7 11,61 11,66 231 218 842
B42 8,3 8,45 0,1 0,05 14,54 14,8 13,89 14,39 202 213 498
B43 8,4 8,34 0,05 -0,1 7,79 8,85 13,34 16,72 104 148 58
B51 8,33 8,38 0,05 0,01 14,41 13,19 14,78 14,18 213 187 518
B52 8,66 8,78 0,13  -0,01 13,58 13,53 11,05 11,68 150 158 306
B53 8,77 8,75 0,03 -0,05 15,3 15,39 10 11,37 153 175 364
B61 8,9 8,97 0,1 -0,02 14,28 15,72 9,6 9,16 137 144 292
B62 8,97 8,99 0,09 -0,07 16,95 15,31 10,8 10,58 183 162 422
B70 8,52 8,57 0,04 0 20,97 20,71 9,87 10,91 207 226 1184
B81 9,17 9,26 0,1 -0,01 9,67 9,09 10,97 10,23 106 93 120
B82 9,05 9,16 0,12  -0,01 13,7 13,32 11,24 11,64 154 155 278
B91 8,87 8,93 0,1 -0,04 14,87 14,86 10,29 10,97 153 163 362
B92 8,52 8,58 0,15 -0,08 12,39 12,45 12,75 11,24 158 140 230
C11 7,75 7,76  -0,01 0,02 12,8 12,3 9,61 10,24 123 126 240
C12 8,11 8,15 0,02 0,02 10,4 9,83 13,46 15,16 140 149 204
C20 8,67 8,74 0,06 0,01 20,04 20,63 17,32 18,03 347 372 3784
C30 8,18 8,24 0,04 0,02 15,8 15,76 14,49 16,56 229 261 942
C41 8,14 8,22 0,03 0,05 13 111 12,77 15,49 166 172 200
C42 8,07 8,02 0,06 -0,11 9,2 9,5 13,15 14,32 121 136 106
C51 8,26 8,32 0,09 -0,03 16,95 16,43 12,92 12,35 219 203 744
C52 8,98 9,03 0,12 -0,07 15,89 14,32 15,92 14,67 253 210 248
D11 7,73 7,85 0,03 0,08 18,71 19,86 11,23 12,79 210 254 832
D12 7,95 8 0,04 0,01 15,8 16,85 10,88 11,63 172 196 392
E10 8,51 8,69 0,14 0,05 15,95 16,96 20,62 19,22 329 326 650
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E20 7,67 7,68 -0,02 0,02 12,28 10,89 32,91 33,99 404 370 670
F11 9,4 9,63 0,29 -0,06 9,12 7,34 11,84 9,27 108 68 90
F12 9,61 9,94 0,23 0,1 9,72 8,84 14,4 12,66 140 112 166
F14 9,48 9,72 0,28 -0,04 8,25 8,24 12,61 11,29 104 93 82
F15 9,27 9,45 0,17 0,01 18,25 20,56 13,54 11,82 247 243 744
F21 8,51 8,68 0,07 0,1 23,66 18,45 8,28 7,1 196 131 1116
F22 9,24 9,45 0,11 0,11 9,25 9,04 8,86 7,08 82 64 222
F23 8,98 9,22 0,15 0,09 16,37 17,17 11,79 9,84 193 169 528
F30 9,62 9,7 0,15 -0,08 18,21 19,33 12,96 12 236 232 600
F40 9,24 9,24 0,03 -0,03 13,85 12,86 17,62 15,55 244 200 478
F51 9,18 9,42 0,25 -0,01 9,13 9,62 17,09 13,93 156 134 184
F52 9,27 9,52 0,22 0,03 11,07 10,01 13,46 11,39 149 114 178
G11 8,8 9 0,18 0,02 14,16 17,41 13,35 10,97 189 191 440
G12 8,83 8,78 0,07 -0,12 9,69 10,39 13 15,21 126 158 106
G13 8,4 8,5 0,1 0 16,19 20,3 14,2 11,53 230 234 758
G21 8,07 8,15 0,07 0,02 12,82 13,42 14,35 11,55 184 155 282
G22 7,98 8 0,01 0,02 19,76 18,55 16,2 16,01 320 297 960
G23 8,23 8,41 0,16 0,02 15,25 17,26 14,3 11,76 218 203 350
G30 7,77 7,81 0,01 0,02 11,28 13,96 23,05 20,42 260 285 266
G41 8,53 8,73 0,19 0 10,78 11,58 16,04 13,99 173 162 182
G42 8,44 8,52 0,07 0,01 12,2 15,46 15,83 12,55 193 194 286
G50 8,87 9 0,13  -0,01 15,3 16,01 15,3 13,62 234 218 348
G60 8,77 9,03 0,14 0,12 11,58 11,95 15,46 12,98 179 155 166
G70 8,75 9,03 0,2 0,07 14,58 16,48 11,38 10,62 166 175 224
G80 8,79 9,04 0,15 0,1 13,76 15,12 13,3 10,98 183 166 214
G90 8,54 8,6 0,07 -0,00 11,16 10,82 16,39 18,11 183 196 178
H10 7,79 7,8 0,02 -0,00 11,38 12,21 32,07 25,79 365 315 234
H21 7,62 7,76 0,02 0,12 9,46 9,83 27,7 24,1 262 237 80
H22 7,66 7,83 0,09 0,08 7,79 9,04 31,2 22,56 243 204 50
H30 8,92 8,99 0,1 -0,04 19,19 19,36 12,87 12,24 247 237 420
H41 8,43 8,45 0,06 -0,04 15,43 15,05 14,9 13,75 230 207 122
H42 7,65 7,98 0,13 0,2 9,79 8,99 14,2 14,12 139 127 50
111 9,23 9,24 0,11 -0,09 12,26 13,11 16,23 15,1 199 198 264
112 8,54 8,73 0,11 0,08 13,31 12,55 18,26 17,53 243 220 148
13 9,34 9,56 0,26 -0,05 7,89 7,71 15,97 13,37 126 103 60
121 8,5 8,58 0,07 0,01 15,54 14,69 17,89 17,5 278 257 342
122 8,07 8,16 0,06 0,03 10,86 10 21,19 20,1 230 201 96
J10 9,89 10,2 0,36 -0,06 11,65 12,7 11,42 8,98 133 114 190
J21 8,97 9,16 0,19 0 8,18 8,72 13,81 9,86 113 86 42
J22 9,69 9,81 0,25 -0,122 10,09 13,3 13,08 11,58 132 154 146
J23 9,19 9,69 0,42 0,09 12,08 12,82 10,02 7,8 121 100 202
J30 9,48 9,73 0,27 -0,01 5,28 6,49 8,33 6,93 44 45 30
J40 9,07 9,37 0,32 -0,02 11,5 14,85 12,44 9,09 143 135 174
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Table A2: Chapter 2 List of species

Table A2: Species names (TaxRef V13), past (2005-2011) and recent (2015-2021) occurrences
and thermal optimum (Topt) of the 756 recorded species of the chapter 2 analysis (N plots:
14,167), 434 species (and occurrences identified to the genus level) with more than 10 total
occurrences are also displayed.

Species name Past Recent Topt Allium vineale 2 3 10,28
Achillea macrophylla 0 1 4,34 Alopecurus pratensis 0 3 6,45
Achillea millefolium 266 272 5,64  Alyssum alyssoides 13 39,83
Achnatherum calamagrostis 78 72 / Amaranthus retroflexus 1 0 9,01
Aconitum anthora 1 0 6,92 Amelanchier ovalis 403 384 /
Aconitum lycoctonum 17 14 1,75  Anacamptis pyramidalis 8 8 10,81
Aconitum napellus 8 11 / Andromeda polifolia 1 0 3,24
Actaea spicata 53 57 5,5 Anemone hepatica 308 299 6,56
Adenostyles alliariae 83 79 7,53 Anemone nemorosa 1355 131 7,55
Adenostyles alpina 6 8 7,54 Anemone ranunculoides 39 13 6,94
Adoxa moschatellina 69 67 6,42 Anemone sylvestris 22 89 5,82
Aegopodium podagraria 33 59 6,71 Angelica 10 10 /
Aesculus hippocastanum 9 26 / Angelica razulii 8 7 /
Aethusa cynapium 29 13 8,04 Angelica sylvestris 285 288 5,87
Agrimonia eupatoria 156 172 8,68 Anisantha sterilis 3 0 9,8
Agrimonia procera 8 2 / Anomodon viticulosus 0 14 /
Agrostis 168 310 / Antennaria dioica 0 1 4,47
Agrostis canina 200 141 6,16  Anthericum liliago 8 9,51
Agrostis capillaris 1154 465 6,01 Anthericum ramosum 8 8,02
Agrostis castellana 0 11 / Anthoxanthum odoratum 242 187 6,02
Agrostis curtisii 96 64 / Anthriscus caucalis 1 0 10,42
Agrostis stolonifera 260 122 7,09 Anthriscus sylvestris 38 47 6,13
Ailanthus altissima 4 7 / Anthyllis montana 12 14 /
Ajuga genevensis 6 8 8,21 Anthyllis vulneraria 46 23 8
Ajuga pyramidalis 1 4 597  Aperaspica-venti 1 0 6,26
Ajuga reptans 1170 1138 8,07 Aphyllanthes monspeliensis 266 220 /
Alchemilla 6 5 / Aposeris foetida 2 3 8,01
Alchemilla acutiloba 113 54 5,1 Aquilegia 8 5 /
Alchemilla alpina 20 10 6,31 Aquilegia vulgaris 132 137 7,72
Alchemilla glaucescens 0 1 6,32 Arabidopsis arenosa 1 2 6,65
Alchemilla hoppeana 12 17 / Arabis 20 22 /
Alchemilla xanthochlora 0 51 9,24  Arabis alpina 8 3 8,11
Alleniella complanata 0 13 / Arabis hirsuta 63 22 7,1
Alliaria petiolata 217 442 8,41 Arctium 5 27 /
Allium 29 28 / Arctium lappa 1 8 7,94
Allium schoenoprasum 3 12 / Arctium nemorosum 59 83 8,64
Allium ursinum 58 54 8,97 Arctostaphylos uva-ursi 41 25 4,19
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Arenaria montana 60 66 / Bartsia alpina 1 0 2,73
Argentina anserina 2 0 6,8 Bazzania trilobata 20 45 /
Argyrolobium zanonii 48 61 / Bellidiastrum michelii 14 17 7,22
Aristolochia pistolochia 5 / Bellis 7 4 /
Arnica montana 7 7 / Bellis perennis 25 26 9,86
Arrhenatherum elatius 43 63 9,21 Berberis aquifolium 6 20 /
Artemisia absinthium 0 1 7,42 Berberis vulgaris 85 93 8,7
Artemisia campestris 0o 7,53 Betonica officinalis 623 493 7,89
Artemisia vulgaris 25 7,07 Biscutella laevigata 11 2 /
Arum 109 115 / Bistorta officinalis 38 33 5,29
Arum italicum 284 348 / Bistorta vivipara 6 1 2,62
Arum maculatum 1212 1144 9,06 Bituminaria bituminosa 107 134 /
Aruncus dioicus 28 19 8,35 Blackstonia perfoliata 14 40 /
Asarum europaeum 261 257 6,58 Blechnum spicant 457 494 8,79
Asparagus 17 7 / Blitum bonus-henricus 2 1 9,4
Asparagus acutifolius 139 156 / Bothriochloa ischaemum 1 0 10,64
Asparagus officinalis 7 2 7,38 Brachypodium 27 55 /
Asparagus tenuifolius 2 8 / Brachypodium phoenicoides 33 80 /
Asperula cynanchica 24 10 / Brachypodium pinnatum 1798 1350 7,19
Asphodelus 5 9 / Brachypodium retusum 106 82 /
Asphodelus albus 164 167 / Brachypodium rupestre 0 32 /
Asphodelus cerasiferus 10 6 / Brachypodium sylvaticum 3608 4009 9,47
Asplenium 14 8 / Brachythecium rutabulum 42 26 /
Asplenium adiantum-nigrum 316 240 9,76 Briza media 53 36 8,2
Asplenium ceterach 39 41 / Briza minor 8 6 /
Asplenium onopteris 0 44 / Bromopsis benekenii 109 147 7,29
Asplenium ruta-muraria 6 15 9,52 Bromopsis erecta 234 239 9,5
Asplenium scolopendrium 151 177 9,83 Bromopsis ramosa 99 78 9,81
Asplenium septentrionale 5 6 7,31 Bromus 42 46 /
Asplenium trichomanes 339 334 9,34 Bromus arvensis 2 7,97
Asplenium viride 41 46 6,77 Bromus hordeaceus 1 9,43
Astragalus 60 50 / Bromus racemosus 11 1 9,83
Astragalus danicus 1 0 4,07 Bryonia 5 12 /
Astragalus glycyphyllos 13 7,61 Bryonia dioica 39 22 /
Astragalus monspessulanus 76 53 / Buddleja 4 11 /
Astragalus sempervirens 4 1 8 Buddleja davidii 13 /
Astrantia major 23 16 8,2 Buddleja japonica 1 10 /
Athyrium filix-femina 1637 1342 6,15  Buglossoides 30 54 11.22
Atocion rupestre 4 7 / purpurocaerulea PP ’

Buphthalmum salicifolium 5 3 7,49
Atrichum undulatum 2584 2821 / Bupleurum falcatum 17 28 9.95
Atropa belladonna 54 35 / Bupleurum rigidum 23 13 /
Avena L 8 / Buxus sempervirens 722 713 10,71
Avenella flexuosa 3270 2969 6,01 Calamagrostis 10 16 /
Avenula pubescens 1 0 7,04 Calamagrostis arundinacea 24 12 5,2
Barbarea vulgaris 1 3 7,16
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Calamagrostis canescens 1 0 5,28 Carex flacca 3030 2887 10,25
Calamagrostis epigejos 108 88 7,98 Carex flava 0 1 7,15
Calamagrostis varia 42 60 9,18 Carex halleriana 306 365 /
Calamagrostis villosa 0 1 6,65 Carex hirta 19 39 7,77
Calla palustris 0 2 4,75 Carex humilis 171 88 8,88
Calluna vulgaris 2010 1756 6,32 Carex laevigata 4 /
Caltha palustris 52 56 5,38 Carex lepidocarpa 12 8,66
Campanula 49 46 / Carex leporina 10 6,67
Campanula cervicaria 2 0 5,65 Carex montana 356 361 7,61
Campanula cochleariifolia 2 5,6 Carex muricata 116 127 7,45
Campanula glomerata 11 7 6,86 Carex ornithopoda 22 37 6,28
Campanula latifolia 2 6,36 Carex pallescens 110 41 6,38
Campanula patula 16 10 5,79 Carex panicea 7 6 7,03
Campanula persicifolia 50 45 6,41 Carex paniculata 24 26 9,03
Campanula rapunculoides 6 6 7,07 Carex pendula 524 708 11,2
Campanula rapunculus 1 11,89 Carex pilosa 49 41 6,94
Campanula rhomboidalis 35 34 4,72 Carex pilulifera 2479 2449 8,18
Campanula rotundifolia 91 83 4,97 Carex remota 498 636 8,63
Campanula scheuchzeri 30 13 6,9 Carex riparia 47 49 8
Campanula trachelium 143 126 8,59 Carex rostrata 5,45
Campylopus introflexus 0 54 / Carex spicata 2 8,64
Cardamine 96 158 / Carex strigosa 38 91 /
Cardamine amara 13 54 6,07 Carex sylvatica 3477 3744 8,29
Cardamine bulbifera 1 0 8,63 Carex umbrosa 139 79 8,48
Cardamine flexuosa 160 121 9,26 Carex vesicaria 1 1 5,45
Cardamine heptaphylla 187 203 8,38 Carex vulpina 3 1 8,81
Cardamine hirsuta 6 8 11,17 Carlina 6 5 /
Cardamine impatiens 60 63 7,87 Carlina acanthifolia 36 22 10,31
Cardamine pentaphyllos 51 38 7,02 Carlina acaulis 31 22 7,72
Cardamine pratensis 381 275 4,68 Carlina corymbosa 44 14 /
Carduus defloratus 2 21 5,33 Carlina vulgaris 114 107 9,16
Carex 762 692 / Carum carvi 10 4 5,55
Carex acutiformis 100 145 7,65 Catananche 2 16 /
Carex alba 132 144 8,09 Catananche caerulea 87 53 /
Carex arenaria 64 32 8,57 Centaurea 63 68 /
Carex brizoides 126 148 8,12 Centaurea jacea 9 11 6,56
Carex canescens 1 5,04 Centaurea nigra 120 119 /
Carex caryophyllea 10 6 8,27 Centaurea pectinata 31 26 /
Carex demissa 1 7,64 Centaurea scabiosa 5 9 7
Carex diandra 1 5,7 Centaurium erythraea 14 13 9,2
Carex digitata 737 709 5,31 Cephalanthera 33 57 /
Carex disticha 2 1 7,77 Cephalanthera damasonium 57 42 9,32
Carex divulsa 3 10,24 Cephalanthera longifolia 57 53 9,31
Carex echinata 6 6,39 Cephalanthera rubra 38 26 9,17
Carex elongata 25 18 6,04 Cephalaria leucantha 7 10 /
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Cerastium arvense 11 8 5,96 Comarum palustre 3 5 4,61
Cerastium fontanum 2 6,34 Conium maculatum 1 0 9,9
Cerastium glomeratum 2 1 10,17 Conopodium majus 218 178 10,26
Ceratocapnos claviculata 60 39 10,62 Convallaria majalis 799 780 7,12
Cervaria rivini 28 18 9,52 Convolvulus 11 19 /
Chaerophyllum 22 32 / Convolvulus arvensis 2 2 8,58
Chaerophyllum aureum 2 12 / Convolvulus sepium 89 74 8,34
Chaerophyllum hirsutum 23 21 8,57 Coriaria myrtifolia 62 55 /
Chaerophyllum temulum 4 3 9.9 Coris monspeliensis 5 9 /
Chaerophyllum villarsii 3 / Coronilla 16 18 /
Chelidonium majus 38 22 8,05 Coronilla coronata 10 11 9,26
Chenopodium album 0 1 11,49 Coronilla glauca 27 7 /
Chrysosplenium 14 8 581  Coronillaminima 76 77 12,63
alternifolium ’ ; .

Chrysqsple:?ium 6 76 981 Coronilla varia 17 15 8,96
oppositifolium ’ Corydalis cava 11 2 8,26
Circaea 2 8 / Corydalis solida 6 10 7,4
Circaea alpina 5 3534 Corynephorus canescens 0 1 9,57
Circaea lutetiana 549 676 8,4 Cotinus coggygria 33 34 10,72
Circaea x intermedia 16 18 / Cotoneaster 10 17 /
Cirriphyllum piliferum 24 14 / Cotoneaster integerrimus 28 23 7,67
Cirsium 311 363 / Cotoneaster tomentosus 11 13 /
Cirsium acaulon 11 8 9,07 Crataegus 9 21 /
Cirsium arvense 300 335 7,43 Crataegus germanica 226 282 /
Cirsium eriophorum 2 8 ! Crataegus laevigata 1626 1406 9,31
Cirsium erisithales 7 3734 Crataegus monogyna 5736 6277 10,19
Cirsium oleraceum 168 43 6,05 Crepis 6 8 /
Cirsium palustre 177 117 6,91 Crepis biennis 2 0 8,11
Cirsium vulgare 7 28 7,97 Crepis capillaris 0 2 9,81
Cistus albidus 56 43 ! Crepis paludosa 35 18 5,73
Cistus lasianthus 76 58 / Crocus 7 /
Cistus laurifolius 3 7 / Crocus vernus 6 4 /
Cistus monspeliensis 23 23 / Cruciata glabra 41 52 9,87
Cistus salviifolius 92 83 / Cruciata laevipes 65 51 10,1
Clematis 10 15 " Ctenidium molluscum 225 539 /
Clematis flammula 93 111 / Cyanus montanus 29 28 7,67
Clematis recta 5 0o 7,9 Cyanus segetum 0 1 6,96
Clematis vitalba 1502 1567 11,3 Cyanus triumfettii 0 1 9,75
Climacium dendroides 5 10 / Cyclamen purpurascens 11 7 8,49
Clinopodium 10 28 / Cynoglossum germanicum 1 2 9,44
Clinopodium acinos 1 2 8,31 Cynoglossum officinale 0 37,93
Clinopodium grandiflorum 38 38 / Cynosurus cristatus 5 7 8,57
Clinopodium nepeta 193 170 / Cypripedium calceolus 2 0 577
Clinopodium vulgare 224 226 8,93 Cystopteris fragilis 21 10 6,3
Colchicum autumnale 0 3 10,07 cytisophyllum sessilifolium 171 183 /
Colchicum multiflorum 30 28 / Cytisus 4 7 /
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Cytisus oromediterraneus 128 97 / Dryopteris affinis 226 320 /
Cytisus scoparius 2610 2432 9,88 Dryopteris carthusiana 1727 2045 5,85
Cytisus spinosus 30 17 / Dryopteris dilatata 970 830 8,99
Cytisus villosus 3 14 / Dryopteris filix-mas 2590 2820 7,35
Dactylis 6 5 / Echinops ritro 28 30 7,52
Dactylis glomerata 1728 1780 8,56 Echium vulgare 11 8 8,56
Dactylorhiza maculata 63 80 6,07 Elymus caninus 34 30 6,18
Dactylorhiza majalis 2 8 / Elytrigia repens 1 0o 7,28
Dactylorhiza sambucina 1 9,89 Empetrum nigrum 1 0 3,8
Danthonia decumbens 111 104 8,06 Epilobium 63 120 /
Daphne alpina 0 1 11,11 Epilobium angustifolium 313 119 6,46
Daphne gnidium 40 28 / Epilobium ciliatum 1 2 4,49
Daphne laureola 882 984 11,92 Epilobium duriaei 12 3 /
Daphne mezereum 339 316 5,35 Epilobium hirsutum 52 64 9,32
Datura stramonium 1 0 9,6 Epilobium lanceolatum 4 4 11,69
Daucus carota 31 171 10,3 Epilobium montanum 684 461 6,91
Deschampsia cespitosa 1946 1837 5,45 Epilobium palustre 4,85
Dianthus 54 25 / Epilobium parviflorum 9,26
Dianthus armeria 3 3 9,34 Epilobium tetragonum 9,15
Dianthus carthusianorum 3 9,67 Epipactis 63 73 /
Dianthus deltoides 1 6,32 Epipactis atrorubens 24 7 6,17
Dianthus superbus 12 7 5,14 Epipactis helleborine 141 116 8,56
Dicranella 37 74 / Epipactis purpurata 26 12 /
Dicranella heteromalla 184 45 / Equisetum 13 25 /
Dicranum 287 135 / Equisetum arvense 15 17 6,26
Dicranum majus 10 6 / Equisetum hyemale 16 4,86
Dicranum scoparium 2300 2527 / Equisetum palustre 2 5,39
Dictamnus albus 1 1 10,66 Equisetum pratense 5 3,8
Digitalis 7 22 / Equisetum sylvaticum 9 10 4,52
Digitalis grandiflora 13 11 7,82 Equisetum telmateia 59 55 10,73
Digitalis lutea 54 79 9,71 Erica 3 7 /
Digitalis purpurea 887 893 11,04 Erica arborea 97 99 /
Dioscorea communis 665 625 12,54 Erica ciliaris 105 69 /
Dipsacus fullonum 10 11 / Erica cinerea 933 783 10,19
Dipsacus pilosus 7 11 8,52 Erica scoparia 855 756 /
Doronicum 4 7 / Erica tetralix 88 72 9,54
Doronicum austriacum 14 11 7,23 Erica vagans 71 36 /
Doronicum pardalianches 17 25 / Erigeron 1 16 /
Draba aizoides 1 1 6,98 Erigeron annuus 3 13 /
Draba muralis 0 2 10,68 Erigeron canadensis 100 37 8,52
Draba verna 1 1 10,01 Eriophorum angustifolium 1 0 4,9
Dryas octopetala 3 0 5,39 Eriophorum vaginatum 1 4,57
Drymocallis rupestris 1 0 8,69 Ervilia sylvatica 9 29 5,39
Drymochloa sylvatica 292 297 6,01 Eryngium campestre 178 137 11,8
Dryopteris 1 10 / Erythronium dens-canis 10 11 /
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Euonymus europaeus 1548 1703 8,75 Fumana procumbens 26 18 /
Euonymus latifolius 11 21 / Fumana thymifolia 16 /
Eupatorium cannabinum 663 563 8,98 Fumaria officinalis 0 1 9,34
Euphorbia 27 51 / Gagea lutea 0 6,98
Euphorbia amygdaloides 1741 1833 10,82 Galanthus nivalis 5 6 10,3
Euphorbia angulata 4 1 8,91 Galeopsis 2 21 /
Euphorbia characias 100 102 / Galeopsis ladanum 5 7 6,86
Euphorbia cyparissias 453 427 8,17 Galeopsis tetrahit 817 823 7,77
Euphorbia dulcis 197 171 9,98 Galium 260 323 /
Euphorbia esula 2 1 6,71 Galium album 15 10 7,61
Euphorbia helioscopia 1 0 9,9 Galium aparine 837 925 9,2
Euphorbia hyberna 45 30 / Galium aristatum 3 11 7,3
Euphorbia nicaeensis 17 17 / Galium boreale 1 4,54
Euphorbia peplus 0 2 10,42 Galium corrudifolium 0 31 /
Euphorbia serrata 4 9 / Galium glaucum 4 9,56
Euphorbia spinosa 8 2 / Galium maritimum 23 35 /
Euphorbia stricta 5 8 / Galium mollugo 820 653 7,37
Euphrasia stricta 0 1 7,04 Galium odoratum 1401 1593 7,6
Eurhynchium 176 381 / Galium palustre 67 48 6,31
Eurhynchium angustirete 0 12 / Galium pumilum 16 10 8,25
Eurhynchium striatum 1799 2877 / Galium rotundifolium 203 237 8,63
Exsertotheca crispa 40 115 / Galium saxatile 344 279 9,85
Fallopia convolvulus 0 1 7,76 Galium sylvaticum 80 69 8,14
Fallopia dumetorum 0 1 7,74 Galium uliginosum 11 6 5,06
Festuca 222 315 / Galium verum 56 46 7,56
Festuca eskia 7 10 / Genista anglica 21 9 10,33
Festuca gautieri 22 7 / Genista cinerea 135 150 /
Festuca glauca 15 6 / Genista germanica 13 8 8,57
Festuca heterophylla 871 695 9,71 Genista hispanica 129 127 /
Festuca ovina 524 258 5,66 Genista pilosa 374 283 9,62
Festuca rubra 12 2 6,65 Genista sagittalis 36 28 9,71
Ficaria verna 632 700 8,18 Genista scorpius 89 83 /
Ficus carica 12 17 / Genista tinctoria 15 16 8,51
Filago arvensis 1 0 7,24 Gentiana 6 4 /
Filipendula ulmaria 191 195 5,58 Gentiana asclepiadea 3 1 6,8
Filipendula vulgaris 53 40 7,87 Gentiana lutea 90 82 8,98
Fissidens 26 359 / Gentiana verna 2 9 /
Fissidens taxifolius 410 400 / Gentianopsis ciliata 1 10,08
Fourraea alpina 10 7 / Geranium 36 58 /
Fragaria moschata 1 0 6,98 Geranium lucidum 12,64
Fragaria vesca 2554 2431 6,71 Geranium molle 4 10,82
Fragaria viridis 23 5 7,33 Geranium nodosum 67 75 /
Frangula alnus 2350 2407 6,4 Geranium pratense 3 4,9
Fumana 7 9 / Geranium purpureum 23 /
Fumana ericoides 31 21 / Geranium pusillum 1 8,53
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Geranium pyrenaicum 0 3 9,52 Holcus 7 35 /
Geranium robertianum 1596 1611 8,49 Holcus lanatus 905 637 9,85
Geranium rotundifolium 4 9 / Holcus mollis 1720 1168 8,73
Geranium sanguineum 26 18 8,99 Homogyne alpina 26 17 6,17
Geranium sylvaticum 77 67 3,98 Hordelymus europaeus 401 437 8,27
Geum 10 6 / Humulus lupulus 41 52 7,21
Geum rivale 25 24 4,58 Huperzia selago 0 2 4,21
Geum sylvaticum 8 5 / Hyacinthoides non-scripta 272 283 10,14
Geum urbanum 1737 2108 7,92 Hydrocotyle vulgaris 24 12 10,27
Glechoma hederacea 814 999 6,7  Hylocomiadelphus 2103 2526 /
Globularia 13 12 / [riquetrus

Hylocomium splendens 919 1213 /
Globularia bisnagarica 1 20 / Hylotelephium telephium 19 22 7,11
Globularia cordifolia 27 18 9,51 Hypericum 70 150 /
Globularia vulgaris 69 >8 / Hypericum androsaemum 237 239 /
Glyceria 17 41 / Hypericum hirsutum 310 427 7,49
Glyceria fluitans 7 36 826 ericum humifusum 93 40 96
Goodyera repens 4 46 43 Hypericum maculatum 28 27 5,73
Gymnocarpium dryopteris 31 35 4,63 Hypericum montanum 118 77 875
Gymnocarpium robertianum 26 26 8,09 Hypericum perfoliatum 4 10 /
Hedera helix 8982 o119 10,93 Hypericum perforatum 897 800 9,25
Helianthemum 13 83 ! "Hypericum pulchrum 989 777 9,64
Helr:anthemum apenninum 7 7 / Hypericum tetrapterum 5 5 995
e v
nummularium 69 83 9,1 Hypnum cupressiforme 180 942 /
Helichrysum stoechas 49 34 / Hypnum jutlandicum 523 121 /
Helictochloa bromoides 9 7 / Hypochaeris 4 11 /
Helictochloa pratensis 2 0 8,63 Hypochaeris radicata 12 6 10,49
Helleborus foetidus 863 890 11,65 Impatiens glandulifera 17 39 /
Helleborus niger 1 0 8,13 Impatiens noli-tangere 64 51 6,68
Helleborus viridis 66 65 / Impatiens parviflora 1 6 8,12
Heracleum sphondylium 317 330 5,74 Imperatoria ostruthium 21 14 /
Hieracium 224 370 / Inula conyza 12 21 10,82
Hieracium bifidum 11 5,62 Inula salicina 1 2 6,88
Hieracium juranum 13 / Iris 19 25 /
Hieracium laevigatum 20 5,09 Iris foetidissima 72 80 /
Hieracium murorum 879 576 7,27 Iris pseudacorus 98 77 9,27
Hieracium prenanthoides 18 12 5,31 Isothecium alopecuroides 2 9 /
Hieracium racemosum 0 1 10,79 Jacobaea adonidifolia 47 32 /
Hieracium sabaudum 49 26 9,13 Jacobaea vulgaris 123 95 7,6
Hieracium umbellatum 18 12 6,04 Jasione montana 22 12 8,14
Hieracium vulgatum 35 77 / Jasminum fruticans 9 17 /
Hippocrepis comosa 95 130 10,06 Juncus 1049 1004 /
Hippocrepis emerus 248 229 12,63 Juncus acutiflorus 4 1 9,92
Hippophae rhamnoides 7 5 / Juncus bufonius 24 36 8,43
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Juncus bulbosus 1 1 7,52 Lavandula 4 37 /
Juncus compressus 2 o 7,35 Lavandula angustifolia 201 150 /
Juncus conglomeratus 372 419 7,9 Lavandula latifolia 51 29 /
Juncus effusus 673 684 8,65 Lavandula stoechas 22 14 /
Juncus filiformis 1 0 3,8 Leontodon 15 /
Juncus inflexus 3 1 10,66 Leontodon hispidus 4 8,01
Juncus squarrosus 1 1 8,85 Leucanthemum 21 36 /
Juncus tenuis 16 22 8,69 Leucanthemum vulgare 114 82 6,36
Juniperus communis 1422 1215 6,63 Leucobryum glaucum 349 428 /
Juniperus oxycedrus 203 177 / Leucojum vernum 8 9 8,55
Juniperus phoenicea 22 25 / Libanotis pyrenaica 0 7 5,97
Kindbergia praelonga 115 246 / Ligustrum vulgare 3240 3278 9,93
Knautia 35 31 / Lilium martagon 39 38 6,79
Knautia arvensis 11 25 6,93 Linaria 12 39 /
Knautia arvernensis 2 9 9,29 Linaria repens 225 139 9,97
Knautia dipsacifolia 157 136 7,18 Linaria vulgaris 14 6,37
Koeleria vallesiana 12 13 / Linum 11 /
Lactuca 18 13 / Linum narbonense 5 /
Lactuca alpina 5 19 3,06 Linum suffruticosum 22 17 15,8
Lactuca muralis 622 622 8,76 Lipandra polysperma 1 8,07
Lactuca perennis 18 21 / Lithospermum officinale 0 3 8,35
Lactuca serriola 3 4 9,67 Loeskeobryum brevirostre 36 79 /
Lamium 40 62 / Lolium perenne 1 1 9,42
Lamium album 9 8 6,61 Loncomelos pyrenaicus 287 364 10,97
Lamium amplexicaule 1 0 9,44 Lonicera 13 24 /
Lamium galeobdolon 1748 1721 8,44 Lonicera alpigena 56 46 7,75
Lamium maculatum 74 112 8,29 Lonicera caerulea 7 14 /
Lamium purpureum 46 33 8,25 Lonicera etrusca 210 246 /
Lapsana communis 183 204 8,13 Lonicera implexa 94 66 /
Laser trilobum 12 8 / Lonicera nigra 280 299 7,42
Laserpitium gallicum 29 46 / Lonicera periclymenum 5620 5452 9,95
Laserpitium latifolium 141 47 8,8 Lonicera xylosteum 2351 2235 5,87
Laserpitium nestleri 4 6 / Lotus 95 59 /
Laserpitium siler 8 / Lotus corniculatus 100 109 9,38
Lathraea clandestina 9 / Lotus dorycnium 187 186 /
Lathraea squamaria 2 7,53 Lotus hirsutus 71 39 /
Lathyrus 61 96 / Lotus pedunculatus 48 44 10,53
Lathyrus aphaca 14 3 12,92 Lunaria rediviva 9 6 8,17
Lathyrus latifolius 0 7 11,92 Luzula 187 356 /
Lathyrus linifolius 455 243 8,85 Luzula campestris 73 33 9,28
Lathyrus niger 35 17 7,89 Luzula forsteri 319 198 12,35
Lathyrus pratensis 113 89 6,07 Luzula luzulina 20 24 8,06
Lathyrus sylvestris 35 26 12,21 Luzula luzuloides 377 298 7,76
Lathyrus vernus 240 211 6,28 Luzula multiflora 202 119 5,75
Laurus nobilis 63 107 15,2 Luzula nivea 111 127 8,77
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Luzula pilosa 1054 917 4,94 Muscari botryoides 3 0 10,72

Luzula sylvatica 641 586 9,72 Muscari comosum 22 12 /
Lychnis flos-cuculi 11 15 7,33 Muscari neglectum 9 1 /
Lycopodium annotinum 3 2 4,06 Myosotis 50 76 /
Lycopus europaeus 67 98 8,51 Myosotis arvensis 3 6 7,22
Lysimachia arvensis 2 11 11,3 Myosotis scorpioides 36 24 6,92
Lysimachia nemorum 188 199 9,45 Myosotis stricta 0 1 6,46
Lysimachia nummularia 103 87 7,86 Myosotis sylvatica 114 67 9,09
Lysimachia vulgaris 39 62 7,05 Myosoton aquaticum 4 1 7,59
Lythrum salicaria 13 37 7,76 Myrrhis odorata 9 5 /
Maianthemum bifolium 98 79 4,76 Narcissus bulbocodium 17 0 /
Malus sylvestris 440 357 8,96 Narcissus jonquilla 21 7 /
Malva moschata 2 4 9,24 Narcissus pseudonarcissus 32 62 /
Malva sylvestris 2 7 12,08 Nardus stricta 25 10 6,29
Matricaria chamomilla 0 1 8,46 Nectaroscilla hyacinthoides 4 7 /
Medicago 17 11 / Neottia nidus-avis 281 253 8,39
Medicago lupulina 24 16 8,73 Neottia ovata 105 94 6,74
Melampyrum 58 72 / Odontites luteus 58 42 /
Melampyrum cristatum 7 3 7 Odontites vernus 0 1 8,1
Melampyrum nemorosum 39 22 6,2 Oloptum miliaceum 9 3 /
Melampyrum pratense 312 214 5,65 Omalotheca sylvatica 4 5 6,1
Melampyrum sylvaticum 47 58 3,14 Ononis 19 23 /
Melica ciliata 9 9 11,03 Ononis fruticosa 14 9 /
Melica nutans 93 90 5,97 Ononis minutissima 103 81 /
Melica uniflora 1071 1132 9,92 Ononis natrix 14 14 /
Melilotus officinalis 3 1 7,48 Ononis pusilla 7 10 /
Melittis melissophyllum 275 261 11,71 Ononis spinosa 27 22 9,68
Mentha 7 20 / Orchis 49 74 /
Mentha aquatica 25 32 9,32 Orchis mascula 46 41 9,57
Mentha arvensis 25 19 6,29 Orchis purpurea 23 25 10,01
Mentha longifolia 2 5 8,72 Oreopteris limbosperma 4 6 8,41
Mentha suaveolens 12 11 / Oreoselinum nigrum 1 1 7,82
Mercurialis perennis 804 869 7,87 Origanum vulgare 202 177 7,6
Meum athamanticum 10 14 / Ornithogalum umbellatum 6 1 11,37
Microthlaspi perfoliatum 1 0 11,51 Ornithopus perpusillus 1 0 9,82
Milium effusum 988 981 5,63 Orobanche 37 26 /
Mnium 9 18 / Orthilia secunda 93 79 4,29
Mnium hornum 62 123 / Osmunda regalis 21 39 /
Moehringia muscosa 123 97 / Ostrya carpinifolia 5 8 /
Moehringia trinervia 562 602 8,08 Osyris alba 79 78 /
Molinia caerulea 2186 2019 6,19 Oxalis 11 30 /
Moneses uniflora 4 2 4,01 Oxalis acetosella 1129 1125 6,08
Monotropa hypopitys 8 7 7,39 Oxalis corniculata 3 2 11,96
Montia fontana 1 0 6,29 Oxalis dillenii 1 0 8,98
Muscari 9 23 / Paliurus spina-christi 7 6 /
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Papaver rhoeas 1 0o 11,1 Plantago lanceolata 165 157 9,87
Paris quadrifolia 456 439 5,65 Plantago major 68 103 9,12
Parnassia palustris 1 1 6,01 Plantago media 41 60 6,08
Persicaria hydropiper 38 7,38 Platanthera 9 10 /
Persicaria lapathifolia 2 3 8,14 Platanthera bifolia 32 21 6,51
Persicaria maculosa 16 15 8,4 Platanthera chlorantha 15 9 8,51
Petasites 15 / Pleurozium schreberi 416 460 /
Petasites albus 36 39 8,27 Poa 35 122 /
Petasites hybridus 3 4 9,43 Poa alpina 2 4 3,38
Petasites paradoxus 8 / Poa annua 7 16 /
Peucedanum 8 / Poa chaixii 329 309 8,12
Peucedanum gallicum 59 35 / Poa nemoralis 962 773 6,26
Phalaris arundinacea 49 64 6,58 Poa palustris 0 1 4,75
Phegopteris connectilis 6 10 5,02 Poa pratensis 5 4 6,2
Phelipanche purpurea 0 1 10,15 Poa trivialis 279 316 8,14
Phillyrea angustifolia 101 79 / Polygala 16 15 /
Phillyrea latifolia 166 158 / Polygala amarella 2 2 4,89
Phleum 16 12 / Polygala calcarea 13 13 /
Phleum alpinum 9 4 3,69 Polygala comosa 3 0 6,86
Phleum nodosum 0 2 10,99 Polygala serpyllifolia 21 6 9,73
Phleum pratense 41 22 7,49 Polygala vulgaris 55 36 9,34
Phragmites australis 86 92 7,49 Polygaloides chamaebuxus 21 34 8,18
Physalis alkekengi 0 1 10,09 Polygonatum 2 25 /
Phyteuma 38 18 / Polygonatum multiflorum 996 946 8,04
Phyteuma betonicifolium 15 2 / Polygonatum odoratum 161 102 6,59
Phyteuma nigrum 30 8,87 Polygonatum verticillatum 331 359 6,8
Phyteuma orbiculare 13 / Polygonum 20 26 /
Phyteuma spicatum 337 291 8,31 Polygonum aviculare 6 7,74
Phytolacca americana 91 82 / Polypodium 2 16 /
Picris 4 9 / Polypodium cambricum 14 15 /
Picris hieracioides 5 5 7,7 Polypodium interjectum 21 32 /
Pilosella officinarum 309 269 7,75 Polypodium vulgare 637 588 7,95
Pimpinella 12 11 / Polystichum 3 14 /
Pimpinella major 23 34 9,14 Polystichum aculeatum 198 259 10,57
Pimpinella saxifraga 53 28 6,7 Polystichum braunii 1 0 6,09
Pinguicula vulgaris 0 1 5,25 Polystichum lonchitis 50 28 7,59
Pistacia lentiscus 25 22 / Polystichum setiferum 278 283 /
Pistacia terebinthus 94 85 / Polytrichum 8 12 /
Plagiochila asplenioides 152 88 / Polytrichum commune 101 83 /
Plagiochila porelloides 0 55 / Polytrichum formosum 4762 4846 /
Plagiomnium 3 15 / Polytrichum juniperinum 16 23 /
Plagiomnium affine 279 236 / Polytrichum piliferum 0 24 /
Plagiomnium undulatum 924 967 / Potentilla 63 73 /
Plagiothecium undulatum 11 32 / Potentilla alba 2 o 7,37
Plantago 99 69 / Potentilla crantzii 1 0 4,82
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Potentilla erecta 579 372 6,95 Ranunculus aduncus 15 36 /
Potentilla heptaphylla 1 8,77 Ranunculus auricomus 267 290 6,06
Potentilla hirta 6 / Ranunculus bulbosus 138 152 9,8
Potentilla micrantha 11,41 Ranunculus flammula 18 22 7,31
Potentilla montana 32 29 / Ranunculus lanuginosus 18 19 9,2
Potentilla recta 25 10 8,66 Ranunculus monspeliacus 1 0 9,33
Potentilla reptans 131 116 10,11 Ranunculus platanifolius 64 38 5,64
Potentilla sterilis 1294 1336 9,76 Ranunculus repens 420 371 6,84
Potentilla verna 19 29 9,45 Ranunculus serpens 285 200 /
Poterium sanguisorba 320 282 10,74 Reynoutria japonica 14 18 /
Prenanthes purpurea 401 410 7,96 Rhamnus alaternus 153 165 /
Primula 152 235 / Rhamnus alpina 48 47 10,57
Primula elatior 573 665 9,21 Rhamnus cathartica 213 202 7,81
Primula veris 281 151 7,48 Rhamnus saxatilis 59 60 /
Primula vulgaris 75 76 10,56 Rhaponticum coniferum 24 11 /
Prunella 21 1 / Rhinanthus 12 /
Prunella grandiflora 15 3 / Rhinanthus alectorolophus 7 /
Prunella laciniata 21 8 11,64 Rhinanthus minor 2 1 6,62
Prunella vulgaris 290 429 7,29 Rhizomnium punctatum 59 80 /
Pseudarrhenatherum 526 411 / Rhodobryum roseum 22 9 /
{ongifolium . Rhododendron ferrugineum 24 19 /
Pseudoscleropodium purum 2773 3074 /
Pseudoturritis turrita 45 60 / Rhododendron hirsutum ! 0 6
Pteridium aquilinum 4557 4492 915 [nytidiadelphus 13 23 /
Ptilium crista-castrensis 12 10 / Rhytidiadelphus loreus 373 623 /
Puccinellia distans 1 0 6,63 Rhytidiadelphus squarrosus 136 130 /
Pulicaria dysenterica 2 4 11,7 Ribes 12 31 /
Pulmonaria 58 130 / Ribes alpinum 936 938 6,78
Pulmonaria affinis 250 272 ; _Ribes nigrum 3 8 5%
Pulmonaria longifolia 269 189 11,03 _ibes petraeum 20 4 /
Pulmonaria montana 132 146 / Ribes rubrum 298 286 6,54
Pulmonaria obscura 0 18 5,7 Ribes uva-crispa 189 200 7,87
Pulmonaria officinalis 55 5 8,31 Rosa 155 192 /
Pyracantha coccinea 1 13 / Rosa agrestis 2 8 /
Pyrola 3 8 / Rosa arvensis 3270 3038 10,38
Pyrola chlorantha 2 1 5,12 Rosa canina 2246 1965 8,99
Pyrola minor 5 3 4,84 Rosa montana 16 0 /
Pyrola rotundifolia 6 7 438 Rosa pendulina 175 171 8,94
Pyrus 4 8 / Rosa rubiginosa 17 6 9,27
Pyrus communis 438 360 9,11 Rosa sempervirens 47 135 /
Pyrus cordata 8 7 / Rosa spinosissima 50 42 /
Pyrus spinosa 7 7 / Rosmarinus officinalis 23 32 /
Ranunculus 266 337 / Rubia peregrina 1995 2004 /
Ranunculus aconitifolius 30 23 , Rubus 153 299 /
Ranunculus acris 38 23 5,61 Rubus caesius 12 337 7,83
Rubus canescens 59 7 /
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Rubus fruticosus 10564 9937 8,77 Scrophularia oblongifolia 7 4 /
Rubus hirtus 3 0 8,77 Scutellaria galericulata 15 11 6,24
Rubus idaeus 1516 1277 5,75 Scutellaria minor 16 6 /
Rubus saxatilis 99 91 4,19 Sedum 186 82 /
Rubus ulmifolius 1191 1679 12,95 Sedum acre 27 7,79
Rumex 139 223 / Sedum album 12,03
Rumex acetosa 242 228 6,87 Sedum annuum 5,49
Rumex acetosella 262 190 6,75 Sedum rupestre 10 47 10,49
Rumex arifolius 9 9 8,68 Sedum sediforme 51 88 /
Rumex conglomeratus 0 1 10,83 Sedum sexangulare 0 1 9,33
Rumex crispus 0 1 8,42 Senecio 59 111 /
Rumex hydrolapathum 7 5 7,37 Senecio hercynicus 45 65 4,25
Rumex longifolius 1 3 3,08 Senecio inaequidens 22 44 /
Rumex obtusifolius 96 117 8,07 Senecio ovatus 442 365 8,88
Rumex sanguineus 286 345 8,8 Senecio sylvaticus 0 9 8,73
Ruscus aculeatus 1580 1685 13,45 Senecio viscosus 3 1 9,31
Salvia glutinosa 19 21 9,59 Senecio vulgaris 39 19 8,45
Salvia pratensis 10 7 8,71 Serratula tinctoria 39 32 9,65
Sambucus 2 10 / Seseli montanum 15 10 /
Sambucus ebulus 14 19 11,35 Sesleria 5 11 /
Sambucus nigra 1315 1562 10,48 Sesleria argentea 9 12 /
Sambucus racemosa 654 514 7,05 Sesleria caerulea 165 140 7,4
Sanguisorba 16 15 / Silene 93 102 /
Sanguisorba officinalis 4 6 5,77 Silene dioica 285 248 6,5
Sanicula europaea 217 274 8,51 Silene italica 16 14 /
Saponaria ocymoides 22 20 / Silene latifolia 4 3 6,34
Satureja 2 11 / Silene nutans 33 47 7,09
Satureja montana 37 31 / Silene vulgaris 196 102 8
Saxifraga 13 / Simethis mattiazzii 60 35 /
Saxifraga aizoides 1 0 5,2 Sisymbrium officinale 0 1 9,55
Saxifraga cuneifolia 17 7 / Smilax aspera 110 112 /
Saxifraga granulata 19 12 9,54 Solanum dulcamara 209 204 7,93
Saxifraga hirsuta 31 21 / Solanum nigrum 0 11 8,21
Saxifraga rotundifolia 51 39 9,65 Solidago 3 9 /
Scabiosa 21 11 / Solidago canadensis 12 12 8,29
Scabiosa columbaria 64 45 9,95 Solidago gigantea 11 5 7,7
Schedonorus giganteus 139 151 7,37 Solidago virgaurea 630 531 5,27
Schedonorus pratensis 2 0 6,53 Sonchus arvensis 1 7,07
Scilla bifolia 70 80 9,24 Sonchus asper 9,59
Scirpus 6 5 / Sonchus oleraceus 0 8,42
Scirpus sylvaticus 14 6,84 Sparganium erectum 0 7,39
Scorzonera humilis 1 7,68 Spartium junceum 66 68 /
Scrophularia alpestris 15 25 / Sphagnum 165 192 /
Scrophularia auriculata 0 1 13,16 Sphagnum palustre 8 3 /
Scrophularia nodosa 467 449 7,17 Stachys 14 30 /
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Stachys alpina 29 35 / Tractema lilio-hyacinthus 29 12 /
Stachys arvensis 1 0 12,21 Tractema verna 10 5 /
Stachys palustris 4 6,76 Tragopogon pratensis 5 7,91
Stachys recta 33 34 8,68 Trichophorum cespitosum 1 0 4,9
Stachys sylvatica 722 699 7,28 Trifolium 349 350 /
Staehelina dubia 104 84 / Trifolium alpestre 6 8 7,36
Stellaria 86 31 / Trifolium arvense 9 9 8,35
Stellaria alsine 1 0 7,1 Trifolium aureum 3 0 6,49
Stellaria graminea 16 17 6,14 Trifolium campestre 5 2 11,24
Stellaria holostea 1307 1368 7,01 Trifolium hybridum 0 1 7,33
Stellaria media 79 57 7,29 Trifolium medium 11 17 6,28
Stellaria nemorum 77 46 5,52 Trifolium montanum 5 3 7,13
Stellaria palustris 1 0 6,18 Trifolium pratense 29 17 7,72
Streptopus amplexifolius 1 1 8,09 Trifolium repens 4 17 7,88
Succisa pratensis 42 31 7,14 Trifolium rubens 8 10 9,65
Symphytum 1 11 / Tripleurospermum inodorum 1 2 6,2
Symphytum officinale 26 22 7,62 Trisetum flavescens 1 1 9,26
Symphytum tuberosum 23 26 11,56 Trollius europaeus 13 13 4,14
Tanacetum corymbosum 13 10 8,21 Tuberaria guttata 7 4 /
Tanacetum parthenium 0 1 11,12 Turritis glabra 3 2 7,25
Tanacetum vulgare 1 3 5,88 Tussilago farfara 53 64 6,76
Taraxacum 49 95 / Typha latifolia 0 2 8,04
Taraxacum officinale 727 653 / Ulex europaeus 1122 1063 10,14
Teesdalia nudicaulis 1 1 9,7 Ulex gallii 10 7 /
Teucrium chamaedrys 771 716 11,56 Ulex minor 390 211 /
Teucrium montanum 79 62 10,15 Ulex parviflorus 13 18 /
Teucrium polium 122 64 / Umbilicus 0 10 /
Teucrium scordium 26 24 / Umbilicus rupestris 21 23 /
Teucrium scorodonia 3311 3222 10,4 Urtica dioica 1375 1529 7,64
Thalictrum aquilegiifolium 14 19 7,49 Vaccinium 3 21 /
Thalictrum minus 3 3 7,56 Vaccinium myrtillus 1201 1155 5,07
Thamnobryum alopecurum 63 160 / Vaccinium oxycoccos 3 0 4,64
Thelypteris palustris 1 1 7,25 Vaccinium uliginosum 4 2 4,34
Thesium alpinum 2 1 8,45 Vaccinium vitis-idaea 39 38 4,35
Thlaspi arvense 0 1 6,64 Valeriana 12 44 /
Thuidium tamariscinum 3568 3912 / Valeriana dioica 26 6 8,93
Thymus 21 12 / Valeriana montana 45 45 9,05
Thymus praecox 0 1 6,92 Valeriana officinalis 253 205 6,83
Thymus pulegioides 0 1 8,32 Valeriana tripteris 28 14 7,99
Thymus serpyllum 115 81 5,17 Veratrum album 42 35 /
Thymus vulgaris 296 252 / Verbascum 31 45 /
Thysselinum palustre 2 2 5,36 Verbascum lychnitis 1 4 7,31
Torilis japonica 46 61 8,78 Verbascum nigrum 24 7,2
Tortella squarrosa 0 55 / Verbascum thapsus 8 13 7,33
Tortella tortuosa 37 92 / Verbena officinalis 9 /
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Veronica 11 39 /

Veronica alpina 0 3 2,58
Veronica anagallis-aquatica 0 1 9,69
Veronica beccabunga 9 9 7,79
Veronica chamaedrys 666 549 7,29
Veronica hederifolia 0 2 10,63
Veronica montana 248 278 9,26
Veronica officinalis 696 625 7,12
Veronica persica 0 1 10,18
Veronica serpyllifolia 3 0 6,78
Veronica spicata 1 0 6,48
Veronica sublobata Y 48 /
Veronica urticifolia 69 69 7,77
Viburnum lantana 1807 1879 9,82
Viburnum opulus 699 836 6,46
Viburnum tinus 102 110 /
Vicia 125 227 /
Vicia cracca 115 98 6,81
Vicia dumetorum 13 6 8,16
Vicia sativa 1 2 8,46
Vicia sepium 1159 930 6,55
Vicia tenuifolia 23 26 9,1
Vinca 7 15 /
Vinca minor 221 231 10,13
Vincetoxicum 5 6 /
Vincetoxicum hirundinaria 195 168 8,15
Viola 804 998 /
Viola alba 137 110 11,92
Viola biflora 6 7 4,53
Viola canina 10 14 6,69
Viola hirta 211 182 7,11
Viola mirabilis 13 61 5,7
Viola odorata 23 14 8,98
Viola palustris 21 5 4,1
Viola pyrenaica 6 21 /
Viola reichenbachiana 1916 1582 9,49
Viola riviniana 520 383 8,26
Viola tricolor 3 2 5,9
Viscum album 94 159 9,85
Vitis vinifera 45 47 /
Wahlenbergia hederacea 21 2 /
Xanthoselinum alsaticum 2 1 8,46
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Table A3: Chapter 3 List of species

Table A3: Species name, occurrences in not forested plots (NF), forested plots (F), thermal
optimum from ClimPlant V1.2 (Topt), pH optimum from EcoPlant (pH) and habitat
preference classification from the EuForPlant list. The whole dataset is comprised of 4,024
plots.

Species hame NF plots F plots Topt pH Habitat
Achillea millefolium 35 21 5,64 8,5 2.2
Aconitum lycoctonum 2 0 1,75 / /
Actaea spicata 3 5,5 6,9 1.1
Adenostyles alliariae 1 2 7,53 6,2 /
Adonis vernalis 1 0 5,61 / 2.2
Adoxa moschatellina 27 11 6,42 6,2 1.1
Aegopodium podagraria 8 3 6,71 7,6 2.1
Aethusa cynapium 9 6 8,04 / 1.2
Agrimonia eupatoria 42 11 8,68 7,1 2.2
Agrostis canina 36 27 6,16 4,6 2.2
Agrostis capillaris 102 182 6,01 5,1 2.2
Agrostis stolonifera 26 40 7,09 5,9 2.2
Ajuga reptans 162 202 8,07 6,1 2.1
Alchemilla xanthochlora 1 0 9,24 6,9 /
Alliaria petiolata 97 25 8,41 6,4 2.1
Allium oleraceum 1 0 7,27 / 2.2
Allium ursinum 11 9 8,97 8,5 1.1
Allium vineale 2 0 10,28 / 2.2
Alyssum alyssoides 0 3 9,83 7,4 /
Anemone hepatica 4 16 6,56 6,9 /
Anemone nemorosa 198 280 7,55 5,9 1.1
Anemone ranunculoides 4 10 6,94 6,4 1.1
Anemone sylvestris 7 6 5,82 / 2.2
Angelica sylvestris 82 46 5,87 8,5 2.1
Anthericum liliago 0 1 9,51 8,5 2.1
Anthericum ramosum 1 0 8,02 8,5 2.2
Anthoxanthum odoratum 35 24 6,02 5,6 2.2
Anthriscus sylvestris 12 2 6,13 6,2 2.2
Aquilegia vulgaris 12 22 7,72 6,9 1.2
Arabidopsis arenosa 1 0 6,65 / /
Arabis hirsuta 0 1 7,1 / 2.2
Arctium lappa 2 0 7,94 / 2.2
Arctium nemorosum 16 13 8,64 6,4 1.2
Arrhenatherum elatius 6 3 9,21 6,2 2.2
Artemisia vulgaris 4 1 7,07 / 2.2
Arum maculatum 425 158 9,06 6,9 1.1
Aruncus dioicus 0 2 8,35 6,5 /
Asarum europaeum 28 48 6,58 7,2 1.1
Asparagus officinalis 1 0 7,38 / 2.2
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Asplenium adiantum-nigrum 11 7 9,76 6,6 2.1
Asplenium scolopendrium 25 11 9,83 7,3 1.1
Asplenium septentrionale 1 0 7,31 / 0]
Asplenium trichomanes 17 8 9,34 7 2.1
Asplenium viride 0 1 6,77 6,9 /
Astragalus glycyphyllos 2 2 7,61 / 2.2
Astrantia major 3 1 8,2 6,2 /
Athyrium filix-femina 138 280 6,15 5,4 1.1
Avenella flexuosa 165 452 6,01 3 2.1
Bellidiastrum michelii 0 1 7,22 6 /
Bellis perennis 5 0 9,86 6,1 0]
Berberis vulgaris 13 5 8,7 8,5 21
Betonica officinalis 67 69 7,89 6 /
Bistorta officinalis 4 5 5,29 6,1 2.2
Blechnum spicant 40 79 8,79 3 1.1
Brachypodium pinnatum 228 167 7,19 8,5 2.2
Brachypodium sylvaticum 743 653 9,47 6,7 1.1
Briza media 6 0 8,2 8,5 0]
Bromopsis benekenii 20 26 7,29 6,7 1.1
Bromopsis erecta 12 6 9,5 8,5 2.2
Bromopsis ramosa 8 14 9,81 / 1.2
Buglossoides purpurocaerulea 8 7 11,22 7,4 /
Bupleurum falcatum 4 5 9,95 8,5 2.2
Buxus sempervirens 28 20 10,71 8,5 2.1
Calamagrostis arundinacea 4 4 5,2 4,4 2.1
Calamagrostis epigejos 9 33 7,98 4.5 2.1
Calluna vulgaris 55 339 6,32 3 2.1
Caltha palustris 5 5 5,38 6,1 2.1
Campanula glomerata 1 1 6,86 8,5 2.2
Campanula patula 2 0 5,79 / /
Campanula persicifolia 0 5 6,41 / 1.2
Campanula rapunculoides 0 1 7,07 / 2.2
Campanula rhomboidalis 2 0 4,72 6 /
Campanula rotundifolia 5 0 4,97 8,5 2.2
Campanula trachelium 13 40 8,59 7 1.1
Cardamine amara 6 6 6,07 / 2.1
Cardamine flexuosa 19 14 9,26 5,7 1.2
Cardamine heptaphylla 5 11 8,38 6,8 1.1
Cardamine impatiens 2 1 7,87 6,5 1.2
Cardamine pentaphyllos 0 1 7,02 6,9 /
Cardamine pratensis 50 88 4,68 6,1 2.2
Carduus defloratus 1 0 5,33 7,4 /
Carex acutiformis 51 27 7,65 8,5 2.1
Carex alba 5 23 8,09 8,2 /
Carex arenaria 3 6 8,57 8,5 0
Carex brizoides 18 64 8,12 4,6 1.1
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Carex caryophyllea 0 2 8,27 / 0]
Carex digitata 49 128 5,31 6,9 1.1
Carex echinata 0 1 6,39 6 2.1
Carex elongata 3 2 6,04 / 1.1
Carex flacca 466 441 10,25 7,6 2.2
Carex hirta 9 4 7,77 / 2.2
Carex humilis 6 4 8,88 8,5 2.1
Carex leporina 0 1 6,67 / 2.2
Carex montana 27 41 7,61 / 1.2
Carex muricata 21 25 7,45 / 2.1
Carex ornithopoda 2 2 6,28 8,5 2.2
Carex pallescens 6 23 6,38 4,7 2.1
Carex panicea 0 3 7,03 6,7 2.2
Carex paniculata 2 2 9,03 5,8 2.1
Carex pendula 78 145 11,2 / 1.1
Carex pilosa 2 9 6,94 5,7 1.1
Carex pilulifera 162 519 8,18 4,2 2.1
Carex remota 99 152 8,63 5,8 1.1
Carex riparia 15 9 8 8,5 2.2
Carex sylvatica 702 763 8,29 6,2 1.1
Carex umbrosa 9 30 8,48 5 1.1
Carex vesicaria 0 1 5,45 5,4 2.2
Carlina acaulis 1 1 7,72 8,5 0]
Carlina vulgaris 1 1 9,16 8,5 0
Carum carvi 1 0 5,55 / /
Centaurea jacea 3 0 6,56 7 2.2
Centaurium erythraea 1 0 9,2 / 2.2
Cephalanthera damasonium 11 8 9,32 7,5 1.1
Cephalanthera longifolia 2 2 9,31 8,5 2.1
Cephalanthera rubra 1 1 9,17 8,5 1.1
Cerastium arvense 3 1 5,96 7,2 /
Ceratocapnos claviculata 0 1 10,62 / 2.2
Cervaria rivini 9 5 9,52 7,4 /
Chaerophyllum hirsutum 2 1 8,57 6,1 2.1
Chaerophyllum temulum 0 1 9,91 / 1.2
Chelidonium majus 11 3 8,05 / 2.2
Chrysosplenium alternifolium 0 3 5,81 8,5 1.1
g”j’; ﬁ?;’;ﬁ?%m 8 6 9,81 5,3 1.1
Circaea lutetiana 138 120 8,4 6,1 1.1
Cirsium arvense 103 59 7,43 8,5 2.2
Cirsium erisithales 1 0 7,34 / /
Cirsium oleraceum 24 17 6,05 7,7 2.1
Cirsium palustre 40 21 6,91 6 2.2
Cirsium vulgare 3 1 7,97 / 2.2
Clematis vitalba 374 185 11,3 8,5 2.1
Clinopodium acinos 0 1 8,31 / /
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Clinopodium vulgare 17 3 8,93 8,5 2.2
Comarum palustre 1 0 4,61 / 2.2
Conopodium majus 18 13 10,26 5,3 2.1
Convallaria majalis 89 258 7,12 8,5 1.1
Convolvulus sepium 46 5 8,34 7,5 /
Coronilla coronata 4 2 9,26 / /
Coronilla varia 1 3 8,96 / /
Corydalis cava 1 1 8,26 6,7 1.1
Corydalis solida 2 0 7,4 / 1.1
Cotoneaster integerrimus 2 0 7,67 7,3 2.1
Crepis paludosa 4 2 5,73 6,1 2.1
Cruciata glabra 3 3 9,87 / 2.2
Cruciata laevipes 10 1 10,1 / 2.2
Cyanus montanus 3 0 7,67 6,5 0]
Cyclamen purpurascens 0 1 8,49 / 1.1
Cynosurus cristatus 2 0 8,57 5,8 /
Cystopteris fragilis 1 0 6,3 / 2.1
Cytisus scoparius 211 336 9,88 4,6 2.2
Dactylis glomerata 389 178 8,56 6,8 2.2
Dactylorhiza maculata 6 3 6,07 6,6 2.1
Danthonia decumbens 5 29 8,06 4,8 2.2
Daphne laureola 123 105 11,92 6,7 1.1
Daphne mezereum 30 39 5,35 7,5 1.1
Datura stramonium 0 1 9,6 / /
Daucus carota 22 7 10,3 8,5 2.2
Deschampsia cespitosa 261 568 5,45 5,6 2.1
Dianthus carthusianorum 1 1 9,67 / 2.2
Dianthus superbus 2 1 5,14 / /
Digitalis grandiflora 1 0 7,82 / /
Digitalis lutea 5 6 9,71 / 2.2
Digitalis purpurea 50 79 11,04 3 1.2
Dioscorea communis 144 37 12,54 8,1 1.2
Dipsacus pilosus 1 2 8,52 / 1.2
Doronicum austriacum 0 4 7,23 4,9 /
Drymochloa sylvatica 4 24 6,01 3 1.1
Dryopteris carthusiana 173 390 5,85 3 1.1
Dryopteris dilatata 94 118 8,99 3 1.1
Dryopteris filix-mas 412 451 7,35 5,9 1.1
Elymus caninus 12 4 6,18 7 1.1
Elytrigia repens 1 0 7,28 / 2.2
Epilobium angustifolium 24 30 6,46 / 1.2
Epilobium hirsutum 16 8 9,32 7,1 2.2
Epilobium montanum 59 50 6,91 6,2 2.1
Epilobium palustre 1 0 4,85 / 2.2
Epipactis atrorubens 2 0 6,17 8,5 2.1
Epipactis helleborine 25 21 8,56 7,1 1.1
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Equisetum arvense 6 0 6,26 8,5 2.2
Equisetum hyemale 3 3 4,86 8,5 1.1
Equisetum sylvaticum 1 1 4,52 / 1.1
Equisetum telmateia 14 0 10,73 7,7 2.1
Erigeron canadensis 4 4 8,52 / 2.2
Ervilia sylvatica 4 4 5,39 / /
Eryngium campestre 9 2 11,8 8,5 /
Euonymus europaeus 584 163 8,75 7,7 /
Eupatorium cannabinum 83 141 8,98 8,5 2.2
Euphorbia amygdaloides 166 346 10,82 6,4 1.1
Euphorbia angulata 0 2 8,91 / 1.1
Euphorbia cyparissias 36 44 8,17 8,5 2.2
Euphorbia dulcis 15 22 9,98 6,5 1.1
Euphorbia helioscopia 1 1 9,9 / /
Festuca heterophylla 93 174 9,71 5,3 1.1
Festuca ovina 13 18 5,66 8,5 2.2
Festuca rubra 1 0 6,65 6,1 2.2
Ficaria verna 237 106 8,18 6,3 2.1
Filipendula ulmaria 78 14 5,58 6,4 2.2
Filipendula vulgaris 6 2 7,87 / 2.2
Fragaria vesca 383 370 6,71 6,3 2.1
Fragaria viridis 1 2 7,33 / 2.2
Frangula alnus 172 398 6,4 4 2.1
Galanthus nivalis 3 0 10,3 / 2.1
Galeopsis tetrahit 153 110 7,77 4,6 2.1
Galium album 4 3 7,61 / /
Galium aparine 299 60 9,2 8,5 2.1
Galium mollugo 133 67 7,37 8,5 2.2
Galium odoratum 192 264 7,6 6,4 1.1
Galium palustre 8 11 6,31 5,7 2.1
Galium pumilum 1 2 8,25 6,3 2.2
Galium rotundifolium 12 7 8,63 5,4 /
Galium saxatile 25 15 9,85 3 2.1
Galium sylvaticum 15 13 8,14 6,2 /
Galium uliginosum 2 2 5,06 / 2.2
Galium verum 8 6 7,56 7,2 2.2
Genista germanica 1 1 8,57 / 2.2
Genista pilosa 10 16 9,62 8,5 2.2
Genista sagittalis 4 3 9,71 / 2.2
Genista tinctoria 6 4 8,51 8,5 2.2
Gentianopsis ciliata 1 0 10,08 / /
Geranium lucidum 0 1 12,64 / 1.2
Geranium robertianum 389 141 8,49 6,2 2.1
Geranium sanguineum 7 8,99 8,5 2.1
Geranium sylvaticum 2 3,98 6,3 2.1
Geum rivale 4 4,58 6,1 2.1
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Geum urbanum 646 237 7,92 6,5 2.1
Glechoma hederacea 284 126 6,7 6,3 2.1
Glyceria fluitans 6 4 8,26 / 2.2
Goodyera repens 1 3 4,35 / 1.1
Gymnocarpium dryopteris 1 2 4,63 / 1.1
Gymnocarpium robertianum 1 0 8,09 7,3 2.1
Hedera helix 1620 1381 10,93 6,2 2.1
Helianthemum nummularium 11 5 9,1 7,8 2.2
Helleborus foetidus 96 75 11,65 7,6 1.2
Helleborus niger 1 0 8,13 / 1.1
Heracleum sphondylium 91 36 5,74 6,6 2.1
Hieracium laevigatum 1 2 5,09 / 2.1
Hieracium murorum 37 33 7,27 6,6 2.1
Hieracium sabaudum 4 2 9,13 / 2.1
Hieracium umbellatum 4 6 6,04 4,6 2.1
Hippocrepis comosa 6 4 10,06 8,5 0]
Hippocrepis emerus 10 12 12,63 8,5 2.1
Holcus lanatus 122 94 9,85 5,6 2.2
Holcus mollis 183 218 8,73 4,5 2.1
Hordelymus europaeus 29 56 8,27 6,4 1.1
Humulus lupulus 37 1 7,21 8,5 1.2
Hyacinthoides non-scripta 76 55 10,14 3,9 1.1
Hydrocotyle vulgaris 1 0 10,27 / 2.2
Hylotelephium telephium 2 4 7,11 / 2.2
Hypericum hirsutum 54 87 7,49 6,5 2.1
Hypericum humifusum 3 16 9,6 / 2.2
Hypericum maculatum 1 1 5,73 5,5 2.2
Hypericum montanum 10 8 8,75 8,5 1.2
Hypericum perforatum 101 136 9,25 6,4 2.2
Hypericum pulchrum 48 216 9,64 4,5 2.1
Hypericum tetrapterum 0 1 9,95 / 2.2
Hypochaeris radicata 2 0 10,49 / 2.2
Impatiens noli-tangere 8 7 6,68 5,1 1.1
Impatiens parviflora 0 1 8,12 / 1.1
Inula conyza 1 2 10,82 / /
Inula salicina 0 1 6,88 / 2.2
Iris pseudacorus 31 8 9,27 5,8 2.1
Jacobaea vulgaris 11 8 7,6 7,3 2.2
Jasione montana 2 0 8,14 5,1 0]
Juncus conglomeratus 33 79 7,9 5 2.2
Juncus effusus 72 134 8,65 5,4 2.2
Juncus tenuis 2 3 8,69 / 2.2
Juniperus communis 101 64 6,63 8,5 2.2
Knautia arvensis 0 1 6,93 6,1 2.2
Knautia arvernensis 2 0 9,29 / /
Knautia dipsacifolia 12 11 7,18 6,4 /
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Lactuca muralis 63 45 8,76 6,5 2.1
Lamium album 2 2 6,61 / 2.2
Lamium galeobdolon 237 375 8,44 6,3 /
Lamium maculatum 14 10 8,29 7,7 2.1
Lamium purpureum 10 5 8,25 / /
Lapsana communis 49 34 8,13 6,1 2.1
Laserpitium latifolium 8 5 8,8 7,4 2.1
Lathraea squamaria 1 0 7,53 8,3 1.1
Lathyrus linifolius 27 53 8,85 / 2.1
Lathyrus niger 4 2 7,89 / 1.2
Lathyrus pratensis 7 2 6,07 7,1 2.2
Lathyrus sylvestris 3 5 12,21 / 2.1
Lathyrus vernus 10 23 6,28 6,8 /
Laurus nobilis 13 1 15,2 / 2.2
Leontodon hispidus 1 0 8,01 5,8 0]
Leucanthemum vulgare 6 3 6,36 8,5 2.2
Leucojum vernum 5 2 8,55 7,5 2.1
Lilium martagon 1 4 6,79 6,9 1.1
Linaria repens 16 17 9,97 4,7 2.2
Linaria vulgaris 4 0 6,37 / 2.2
Lonicera alpigena 2 5 7,75 6,8 /
Lonicera nigra 5 19 7,42 6,3 /
Lonicera periclymenum 723 1039 9,95 4,5 2.1
Lonicera xylosteum 441 239 5,87 7,2 2.1
Lotus corniculatus 8 5 9,38 8,5 2.2
Lotus pedunculatus 4 7 10,53 5,2 2.2
Luzula campestris 4 5 9,28 5,2 2.2
Luzula forsteri 19 37 12,35 5,5 1.1
Luzula luzuloides 18 62 7,76 3 1.1
Luzula multiflora 15 59 5,75 4,9 2.1
Luzula nivea 5 7 8,77 5,4 /
Luzula pilosa 91 309 4,94 5,4 1.1
Luzula sylvatica 25 120 9,72 3 1.1
Lychnis flos-cuculi 4 1 7,33 / /
Lycopus europaeus 24 8 8,51 5,7 2.2
Lysimachia nemorum 14 32 9,45 5,8 1.1
Lysimachia nummularia 21 17 7,86 6,1 2.1
Lysimachia vulgaris 9 7 7,05 6 2.1
Lythrum salicaria 9 2 7,76 8,5 2.1
Maianthemum bifolium 3 11 4,76 3 1.1
Malus sylvestris 124 66 8,96 8,5 1.1
Malva sylvestris 2 0 12,08 / /
Medicago lupulina 0 1 8,73 8,5 0]
Melampyrum nemorosum 0 1 6,2 / /
Melampyrum pratense 19 63 5,65 3 1.2
Melampyrum sylvaticum 1 3 3,14 / /
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Melica nutans 8 9 5,97 7,5 1.1
Melica uniflora 128 219 9,92 6,2 1.1
Melittis melissophyllum 18 38 11,71 7,5 1.2
Mentha aquatica 10 5 9,32 7,5 2.2
Mentha arvensis 2 4 6,29 / 2.2
Mentha longifolia 1 0 8,72 / 0]
Mercurialis perennis 129 97 7,87 7,2 1.1
Milium effusum 207 277 5,63 5,5 1.1
Moehringia trinervia 85 46 8,08 5 1.1
Molinia caerulea 111 457 6,19 3 2.1
Moneses uniflora 1 0 4,01 / /
Myosotis scorpioides 3 2 6,92 6 2.1
Myosotis sylvatica 12 12 9,09 5,5 1.2
Myosoton aquaticum 2 1 7,59 / 2.2
Nardus stricta 6 1 6,29 6,1 0]
Neottia nidus-avis 47 45 8,39 6,8 1.1
Neottia ovata 37 11 6,74 8,5 1.1
Omalotheca sylvatica 0 1 6,1 / /
Orchis mascula 14 5 9,57 7 2.1
Orchis purpurea 8 2 10,01 8,5 2.1
Origanum vulgare 23 25 7,6 8,5 2.2
Ornithogalum umbellatum 3 1 11,37 / 2.2
Orthilia secunda 3 5 4,29 6,8 /
Oxalis acetosella 55 183 6,08 3 1.1
Paris quadrifolia 70 62 5,65 6,7 1.1
Persicaria hydropiper 4 1 7,38 6,3 2.2
Persicaria lapathifolia 1 1 8,14 / /
Persicaria maculosa 3 7 8,4 / /
Petasites albus 1 4 8,27 6,7 /
Petasites hybridus 1 0 9,43 / 2.1
Phalaris arundinacea 32 3 6,58 8,5 /
Phegopteris connectilis 0 1 5,02 4,6 1.1
Phleum alpinum 0 1 3,69 5,6 /
Phragmites australis 50 12 7,49 7,7 2.2
Phyteuma nigrum 3 9 8,87 8,2 1.1
Phyteuma spicatum 25 39 8,31 6,5 1.1
Picris hieracioides 0 1 7,71 / 0
Pilosella officinarum 30 20 7,75 8,5 2.2
Pimpinella major 5 5 9,14 8,4 0]
Pimpinella saxifraga 4 1 6,7 8,5 2.2
Plantago lanceolata 38 15 9,87 6,2 2.2
Plantago major 16 15 9,12 / 2.2
Plantago media 10 3 6,08 8,5 2.2
Platanthera bifolia 9 2 6,51 8,5 2.1
Platanthera chlorantha 0 2 8,51 7,4 2.1
Poa chaixii 37 56 8,12 5,2 1.1
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Poa nemoralis 154 117 6,26 5,4 1.1
Poa pratensis 0 1 6,2 6,25 2.2
Poa trivialis 55 55 8,14 / 2.1
Polygala vulgaris 1 2 9,34 8,1 2.2
Polygonatum multiflorum 261 172 8,04 6,3 1.1
Polygonatum odoratum 16 20 6,59 8,5 2.1
Polygonatum verticillatum 16 30 6,8 6,4 1.1
Polygonum aviculare 0 1 7,74 / /
Polypodium vulgare 41 26 7,95 6,8 2.1
Polystichum aculeatum 18 12 10,57 6,9 1.1
Polystichum lonchitis 0 2 7,59 6,6 /
Potentilla erecta 41 73 6,95 4.9 2.2
Potentilla micrantha 1 0 11,41 / /
Potentilla recta 3 0 8,66 7,1 /
Potentilla reptans 14 13 10,11 7,1 2.2
Potentilla sterilis 169 274 9,76 6,1 1.2
Potentilla verna 2 1 9,45 8,5 /
Poterium sanguisorba 21 13 10,74 8,5 /
Prenanthes purpurea 5 28 7,96 3 /
Primula elatior 135 120 9,21 6,2 1.1
Primula veris 44 29 7,48 7 2.1
Primula vulgaris 14 0 10,56 6,1 /
Prunella vulgaris 44 47 7,29 6,2 2.2
Pteridium aquilinum 294 657 9,15 3 2.1
Pulicaria dysenterica 1 1 1,7 / /
Pulmonaria longifolia 36 41 11,03 5,5 1.2
Pulmonaria obscura 1 0 5,7 6,3 /
Pulmonaria officinalis 5 5 8,31 6,9 1.1
Pyrola chlorantha 1 1 5,12 / /
Pyrola rotundifolia 3 0 4,38 / 1.1
Pyrus communis 136 89 9,11 / 2.1
Ranunculus acris 1 2 5,61 5,7 2.2
Ranunculus auricomus 79 56 6,06 6,6 1.1
Ranunculus flammula 1 4 7,31 5,9 2.2
Ranunculus lanuginosus 0 1 9,2 / /
Ranunculus platanifolius 2 3 5,64 6,6 /
Ranunculus repens 75 62 6,84 6 2.1
Rhamnus alpina 1 4 10,57 8,5 /
Rhamnus cathartica 46 13 7,81 8,5 2.1
Ribes alpinum 118 105 6,78 6,7 1.2
Ribes nigrum 1 0 5,32 / 1.1
Ribes rubrum 117 34 6,54 8 1.1
Ribes uva-crispa 109 12 7,87 7,3 2.1
Rosa arvensis 703 522 10,38 6,4 1.2
Rosa canina 503 174 8,99 8,5 2.1
Rosa pendulina 3 5 8,94 6,7 /
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Rubus caesius 102 40 7,83 8,5 2.1
Rubus idaeus 138 178 5,75 3 1.2
Rubus saxatilis 3 4 4,19 6,9 1.2
Rubus ulmifolius 152 93 12,95 5,9 /
Rumex acetosa 56 10 6,87 5,9 2.2
Rumex acetosella 18 21 6,75 4,7 2.2
Rumex arifolius 1 0 8,68 / /
Rumex crispus 1 0 8,42 / /
Rumex hydrolapathum 3 0 7,37 / 2.2
Rumex obtusifolius 33 19 8,07 5,7 2.2
Rumex sanguineus 90 73 8,8 / 1.1
Ruscus aculeatus 205 176 13,45 6 1.1
Sambucus ebulus 1 2 11,35 / 2.2
Sanicula europaea 28 17 8,51 6,3 1.1
Saxifraga granulata 1 2 9,54 / 2.2
Saxifraga rotundifolia 2 1 9,65 6,7 /
Schedonorus arundinaceus 1 0 9,24 / /
Schedonorus giganteus 32 40 7,37 8,5 1.1
Scilla bifolia 8 15 9,24 6,8 1.1
Scirpus sylvaticus 4 4 6,84 5,7 2.1
Scrophularia nodosa 65 117 7,17 5,7 1.1
Scutellaria galericulata 2 2 6,24 6,3 2.1
Sedum acre 0 1 7,79 7,5 2.2
Sedum rupestre 2 3 10,49 7,3 2.1
Sedum sexangulare 1 0 9,33 / 0]
Senecio hercynicus 2 4 4,25 / /
Senecio ovatus 25 27 8,88 4,8 1.2
Senecio sylvaticus 2 0 8,73 / 1.2
Senecio viscosus 0 1 9,31 / 2.2
Senecio vulgaris 4 1 8,45 / 2.2
Serratula tinctoria 8 13 9,65 5,5 2.1
Sesleria caerulea 12 9 7,4 7,6 2.2
Silene dioica 43 22 6,5 5,95 2.1
Silene latifolia 1 0 6,34 / 2.2
Silene nutans 0 1 7,09 8,5 2.1
Silene vulgaris 18 6 8 5,9 2.1
Solanum dulcamara 62 32 7,93 8,5 2.1
Solanum nigrum 0 1 8,21 / /
Solidago gigantea 3 3 7,71 8,3 2.2
Solidago virgaurea 69 64 5,27 6,9 2.1
Sonchus arvensis 1 0 7,07 / /
Sonchus asper 1 2 9,59 / /
Stachys palustris 4 0 6,76 / 2.2
Stachys recta 2 1 8,68 8,5 2.2
Stachys sylvatica 179 145 7,28 8,5 1.2
Stellaria graminea 3 0 6,14 / 2.2
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Stellaria holostea 259 211 7,01 5,3 2.1
Stellaria media 19 7 7,29 / 2.2
Stellaria nemorum 8 6 5,52 3,9 1.1
Succisa pratensis 1 5 7,14 5,8 2.2
Symphytum officinale 14 4 7,62 8,5 2.2
Symphytum tuberosum 3 0 11,56 6,3 2.1
Tanacetum vulgare 1 0 5,88 / /
Teucrium chamaedrys 25 18 11,56 8,5 2.2
Teucrium scorodonia 212 524 10,4 4,5 2.1
Thalictrum aquilegiifolium 0 1 7,49 7 /
Thalictrum minus 1 0 7,56 8,4 2.1
Thymus serpyllum 5 3 5,17 / 2.2
Torilis japonica 15 3 8,78 6,3 1.2
Tragopogon pratensis 1 0 7,91 7,5 /
Trifolium arvense 3 0 8,35 / /
Trifolium campestre 2 0 11,24 / /
Trifolium medium 4 2 6,28 6,9 2.1
Trifolium pratense 5 1 7,72 6,3 2.2
Trifolium repens 3 0 7,88 5,6 2.2
Trifolium rubens 0 4 9,65 / 1.2
Turritis glabra 2 0 7,25 / /
Tussilago farfara 5 3 6,76 / 2.2
Urtica dioica 454 127 7,64 6,1 2.1
Vaccinium myrtillus 37 110 5,07 3 2.1
Vaccinium uliginosum 1 0 4,34 3 2.1
Vaccinium vitis-idaea 1 3 4,35 3 2.1
Valeriana dioica 3 4 8,93 6 2.1
Valeriana montana 1 2 9,05 7,2 /
Valeriana officinalis 45 18 6,83 6,2 2.1
Valeriana tripteris 1 1 7,99 / /
Verbascum nigrum 1 2 7,2 / 2.2
Veronica beccabunga 1 1 7,79 / 2.2
Veronica chamaedrys 93 65 7,29 6 2.1
Veronica montana 46 54 9,26 5,9 1.1
Veronica officinalis 44 95 7,12 5,8 2.1
Veronica urticifolia 0 3 7,77 6,3 /
Viburnum lantana 381 184 9,82 8,5 2.1
Viburnum opulus 204 140 6,46 7,7 2.1
Vicia cracca 15 8 6,81 7 2.2
Vicia dumetorum 0 1 8,16 / /
Vicia sepium 156 197 6,55 6,5 2.1
Vicia tenuifolia 12 4 9,1 8,5 2.2
Vinca minor 47 49 10,13 8,5 1.1
Vincetoxicum hirundinaria 12 14 8,15 8,5 2.1
Viola alba 17 5 11,92 7,7 1.2
Viola canina 1 2 6,69 5,3 2.2
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Viola hirta 43 31 7,11 8,5 2.1
Viola mirabilis 12 5 5,7 7,5 /
Viola odorata 6 5 8,98 8,4 2.1
Viola palustris 1 2 4.1 / 2.1
Viola reichenbachiana 249 333 9,49 6,3 1.1
Viola riviniana 46 49 8,26 5,3 1.1
Viola tricolor 1 0 5,99 / /
Viscum album 14 4 9,85 8,5 2.1
Xanthoselinum alsaticum 0 1 8,46 / /
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Table A4: Chapter 4 List of species

Table A4: Species names, their total occurrences (N) in the dataset, broken up in the cold,
intermediate and warm topoclimate categories, their thermal optimum (Topt), pH optimum
(pH) and the EuForPlant habitat classification (N plots: 306). Only species with a thermal
optimum were used for community composition analysis.

Species name N Cold Inter Warm Topt pH Habitat
Achillea millefolium 1 0 1 0 5,64 8,5 2.2
Achillea nobilis 3 2 0 1 8,54 / o
Actaea spicata 1 1 0 0 5,5 6,9 1.1
Adenostyles alliariae 10 3 2 5 7,53 6,2 2.1
Adoxa moschatellina 14 7 6 1 6,42 6,2 1.1
Aegopodium podagraria 2 2 0 0 6,71 7,6 2.1
Agrostis canina 1 0 0 1 6,16 4,6 2.2
Agrostis capillaris 21 8 4 9 6,01 5,1 2.2
Agrostis stolonifera 1 1 0 0 7,09 5,9 2.2
Ailanthus altissima 1 0 1 0 / / /
Ajuga reptans 27 10 11 6 8,07 6,1 2.1
Alchemilla monticola 1 0 1 0 5,61 / /
Alchemilla xanthochlora 1 1 0 0 9,24 6,9 /
Alliaria petiolata 51 15 22 14 8,41 6,4 2.2
Allium ursinum 10 5 4 1 8,97 8,5 1.1
Alopecurus pratensis 1 1 0 0 6,45 / 0]
Anemone hepatica 3 0 2 1 6,56 6,9 1.1
Anemone nemorosa 95 38 26 31 7,55 5,9 2.1
Anemone ranunculoides 1 0 1 0 6,94 6,4 1.1
Angelica sylvestris 21 14 5 2 5,87 8,5 2.1
Anthericum liliago 1 0 0 1 9,51 8,5 2.1
Anthoxanthum odoratum 3 0 1 2 6,02 5,6 2.2
Anthriscus sylvestris 9 6 2 1 6,13 6,2 2.2
Aquilegia vulgaris 3 1 2 0 7,72 6,9 2.1
Arabidopsis arenosa 4 1 2 1 6,65 / /
Arabidopsis thaliana 1 0 0 1 8,05 / /
Arrhenatherum elatius 1 0 0 1 9,21 6,2 2.2
Arum maculatum 33 14 16 3 9,06 6,9 1.1
Aruncus dioicus 4 3 1 0 8,35 6,5 2.1
Asperula tinctoria 1 0 0 1 5,38 / 2.2
Asplenium adiantum-nigrum 4 2 1 1 9,76 6,6 2.1
Asplenium trichomanes 3 1 1 1 9,34 7 2.1
Asplenium viride 1 1 0 0 6,77 6,9 2.1
Athyrium filix-femina 90 45 29 16 6,15 5,4 2.1
Atocion rupestre 1 0 1 0 / / /
Atrichum undulatum 56 20 17 19 / 5 /
Atropa belladonna 1 0 1 0 / 6,4 /
Avenella flexuosa 108 33 32 43 6,01 3 2.1
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Avenula pubescens 1 0 0 1 7,04 / 0]
Bazzania trilobata 1 1 0 0 / 3 /
Betonica officinalis 4 1 2 1 7,89 6 2.2
Bistorta officinalis 4 1 2 1 5,29 6,1 2.2
Blechnum spicant 4 3 1 0 8,79 3 1.1
Brachypodium sylvaticum 33 11 9 3 9,47 6,7 1.1
Brachythecium rutabulum 1 1 0 0 / 5,5 /
Bromopsis benekenii 1 0 1 0 7,29 6,7 1.1
Bromopsis erecta 1 1 0 0 9,5 8,5 o
Bromopsis ramosa 1 0 0 1 9,81 / 1.2
Calluna vulgaris 5 0 2 3 6,32 3 2.1
Caltha palustris 12 9 3 0 5,38 6,1 2.1
Campanula persicifolia 2 0 0 2 6,41 / 1.2
Campanula rapunculus 2 0 0 2 11,89 / 2.2
Campanula rotundifolia 12 2 5 5 4,97 8,5 2.1
Campanula trachelium 4 0 0 4 8,59 7 2.1
Capsella bursa-pastoris 1 0 1 0 7,22 / /
Cardamine amara 2 1 1 0 6,07 / 2.1
Cardamine flexuosa 31 19 2 0 9,26 5,7 1.2
Cardamine heptaphylla 7 2 4 1 8,38 6,8 1.1
Cardamine impatiens 21 13 6 2 7,87 6,5 2.1
Cardamine pentaphyllos 2 0 2 0 7,02 6,9 1.1
Cardamine pratensis 29 14 7 8 4,68 6,1 2.1
Carex canescens 3 1 1 1 5,04 / 2.1
Carex digitata 1 1 0 0 5,31 6,9 1.1
Carex divulsa 1 0 1 0 10,24 / 2.2
Carex echinata 1 0 0 1 6,39 6 2.1
Carex flacca 2 2 0 0 10,25 7,6 2.2
Carex montana 5 0 2 3 7,61 / 1.2
Carex ornithopoda 1 1 0 0 6,28 8,5 2.2
Carex pallescens 1 0 0 1 6,38 4,7 2.2
Carex panicea 1 1 0 0 7,03 6,7 2.2
Carex pendula 4 2 2 0 11,2 / 1.1
Carex pilulifera 3 0 2 1 8,18 4,2 2.1
Carex remota 11 8 3 0 8,63 5,8 1.1
Carex sylvatica 40 25 0 5 8,29 6,2 2.1
Carex vesicaria 1 1 0 0 5,45 5,4 0]
Cephalanthera longifolia 4 0 4 0 9,31 8,5 1.1
Chaerophyllum hirsutum 9 5 4 0 8,57 6,1 2.2
Chaerophyllum temulum 2 0 1 1 9,91 / 1.2
Chelidonium majus 2 1 1 0 8,05 / 2.2
Chrysosplenium alternifolium 12 7 5 0 5,81 8,5 2.1
gggﬁ?ﬁﬁ,ﬁj?&%’" 15 7 6 2 981 53 1.1
Circaea alpina 4 3 1 0 5,34 / 1.1
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Circaea lutetiana 38 20 11 7 8,4 6,1 1.1
Cirsium oleraceum 1 1 0 0 6,05 7,7 2.1
Cirsium palustre 3 3 0 0 6,91 6 2.2
Cirsium vulgare 1 1 0 0 7,97 / 2.2
Clinopodium vulgare 1 1 0 0 8,93 8,5 2.1
Colchicum autumnale 3 0 1 2 10,07 7,5 0]
Conium maculatum 1 1 0 0 9,96 / /
Convallaria majalis 8 4 3 1 7,12 8,5 2.1
Convolvulus sepium 2 0 0 2 8,34 7,5 2.2
Corydalis cava 1 0 1 0 8,26 6,7 1.1
Corydalis solida 1 1 0 0 7,4 / 1.1
Crataegus laevigata 11 5 2 4 9,31 6,3 /
Crataegus monogyna 30 6 14 10 10,19 8,1 /
Crepis paludosa 4 4 0 0 5,73 6,1 2.1
Cruciata laevipes 1 1 0 0 10,1 / 2.2
Cynoglossum germanicum 3 0 2 1 9,44 / 1.2
Cytisus scoparius 36 4 10 22 9,88 4,6 2.2
Dactylis glomerata 10 4 3 3 8,56 6,8 2.2
Dactylorhiza maculata 2 1 1 0 6,07 6,6 2.1
Daphne mezereum 2 1 0 1 5,35 7,5 1.1
Deschampsia cespitosa 12 5 5 2 5,45 5,6 2.1
Dianthus deltoides 1 0 0 1 6,32 / 0]
Dicranella heteromalla 3 1 2 0 / 3 /
Dicranum majus 1 1 0 0 / 3 /
Dicranum scoparium 85 29 23 33 / 3 /
Digitalis lutea 3 0 1 2 9,71 / 0]
Digitalis purpurea 68 24 16 28 11,04 3 1.2
Doronicum pardalianches 2 0 2 0 / / /
Drymochloa sylvatica 173 69 59 45 6,01 3 1.1
Dryopteris affinis 2 0 2 0 / 5,6 /
Dryopteris carthusiana 55 26 20 9 5,85 3 1.1
Dryopteris dilatata 62 33 18 11 8,99 3 1.1
Dryopteris filix-mas 153 60 51 42 7,35 5,9 1.1
Epilobium angustifolium 1 0 0 1 6,46 / 1.2
Epilobium hirsutum 2 1 0 1 9,32 7,1 2.2
Epilobium montanum 30 19 7 4 6,91 6,2 2.1
Epilobium parviflorum 1 1 0 0 9,26 / 2.2
Equisetum arvense 1 1 0 0 6,26 8,5 2.1
Equisetum sylvaticum 1 0 0 1 4,52 / 2.1
Equisetum telmateia 1 1 0 0 10,73 7,7 2.1
Ervilia hirsuta 2 0 1 1 7,97 / /
Eryngium campestre 1 1 0 0 11,8 8,5 /
Euonymus europaeus 24 6 8 10 8,75 7,7 /
Eupatorium cannabinum 2 1 0 1 8,98 8,5 2.2
Euphorbia amygdaloides 51 15 21 15 10,82 6,4 1.1
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Euphorbia cyparissias 5 1 1 3 8,17 8,5 2.1
Eurhynchium striatum 30 11 9 10 / 6 /
Fallopia dumetorum 2 0 1 1 7,74 / 2.2
Festuca heterophylla 9 1 3 5 9,71 5,3 2.1
Festuca ovina 0 2 1 5,66 8,5 2.2
Festuca rubra 1 1 0 6,65 6,1 2.2
Ficaria verna 47 22 17 8 8,18 6,3 2.1
Filipendula ulmaria 18 13 4 1 5,58 6,4 2.2
Fissidens dubius 1 0 1 0 / / /
Fissidens taxifolius 1 1 0 0 / 6 /
Fragaria vesca 54 19 15 20 6,71 6,3 2.1
Galeopsis segetum 1 1 0 0 / / /
Galeopsis tetrahit 63 23 18 22 7,77 4,6 2.1
Galium aparine 88 28 35 25 9,2 8,5 2.1
Galium mollugo 8 2 2 4 7,37 8,5 2.2
Galium odoratum 128 50 46 32 7,6 6,4 1.1
Galium palustre 1 0 1 0 6,31 5,7 2.1
Galium rotundifolium 10 3 5 2 8,63 5,4 1.1
Galium saxatile 19 6 6 7 9,85 3 2.1
Galium sylvaticum 8 1 4 3 8,14 6,2 1.2
Galium uliginosum 1 0 0 1 5,06 / 2.2
Galium verum 1 0 1 0 7,56 7,2 0]
Genista pilosa 9 0 5 4 9,62 8,5 2.2
Genista sagittalis 3 0 1 2 9,71 / 2.2
Gentiana lutea 1 0 0 1 8,98 8,5 2.2
Geranium robertianum 111 49 38 24 8,49 6,2 2.1
Geranium sylvaticum 1 1 0 0 3,98 6,3 2.1
Geum urbanum 44 21 16 7 7,92 6,5 2.1
Glechoma hederacea 47 27 16 4 6,7 6,3 2.1
Glyceria maxima 1 1 0 0 7,36 / 2.2
Gymnocarpium dryopteris 2 0 1 1 4,63 / 1.1
Hedera helix 112 36 40 36 10,93 6,2 1.2
Helleborus foetidus 31 10 13 8 11,65 7,6 1.2
Heracleum sphondylium 20 9 5 6 5,74 6,6 2.1
Hieracium lachenalii 1 0 1 0 6,18 7,5 2.1
Hieracium laevigatum 1 0 1 0 5,09 / 2.1
Hieracium murorum 59 13 18 28 7,27 6,6 2.1
Hieracium sabaudum 1 0 0 1 9,13 / 2.1
Holcus lanatus 2 0 2 0 9,85 5,6 0]
Holcus mollis 14 3 5 6 8,73 4,5 2.1
Hordelymus europaeus 4 2 1 1 8,27 6,4 1.1
Humulus lupulus 1 0 1 0 7,21 8,5 1.2
Hylocomiadelphus triquetrus 11 6 2 3 / 6,6 /
Hylocomium splendens 15 9 3 3 / 6,4 /
Hylotelephium telephium 2 0 1 1 7,11 / 2.2
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Hypericum hirsutum 3 2 1 0 7,49 6,5 2.1
Hypericum montanum 2 1 0 1 8,75 8,5 1.2
Hypericum perforatum 21 3 8 10 9,25 6,4 2.2
Hypericum pulchrum 2 0 2 0 9,64 4,5 1.1
Hypnum cupressiforme 33 8 7 18 / 3 /
Hypnum jutlandicum 1 0 1 0 / 3,9 /
Impatiens glandulifera 3 1 2 0 / 8,5 /
Impatiens noli-tangere 69 35 24 10 6,68 5,1 1.1
Impatiens parviflora 2 0 2 0 8,12 / 1.1
Iris pseudacorus 1 1 0 0 9,27 5,8 2.1
Jacobaea vulgaris 1 1 0 0 7,6 7,3 2.2
Juncus conglomeratus 2 1 0 1 7,9 5 2.2
Juncus effusus 7 5 1 1 8,65 5,4 2.1
Kindbergia praelonga 4 4 0 0 / 5,4 /
Knautia dipsacifolia 2 0 2 0 7,18 6,4 2.1
Lactuca alpina 2 1 0 1 3,06 3 2.1
Lactuca muralis 66 25 25 16 8,76 6,5 2.1
Lactuca virosa 1 0 1 0 / / /
Lamium album 1 0 0 1 6,61 / 2.2
Lamium galeobdolon 73 36 22 15 8,44 6,3 1.1
Lamium purpureum 1 0 1 0 8,25 / /
Lapsana communis 13 6 4 3 8,13 6,1 2.1
Lathraea squamaria 1 0 1 0 7,53 8,3 1.1
Lathyrus linifolius 2 2 0 0 8,85 / 2.1
i_’goztgé/ggz Slinifolius var. 15 1 8 6 / / /
Lathyrus niger 3 0 0 3 7,89 / 1.2
Lathyrus pratensis 2 0 1 1 6,07 7,1 2.2
Leucobryum glaucum 2 1 1 0 / 3 /
Leucojum vernum 2 1 0 1 8,55 7,5 1.1
Ligustrum vulgare 2 0 0 2 9,93 8,5 2.1
Lilium martagon 1 1 0 0 6,79 6,9 2.1
Linaria vulgaris 1 0 0 1 6,37 / 2.2
Lonicera periclymenum 35 7 10 18 9,95 4,5 1.2
Lonicera xylosteum 6 0 2 4 5,87 7,2 2.1
Lotus corniculatus 1 0 0 1 9,38 8,5 2.2
Lunaria rediviva 36 22 12 2 8,17 8,5 1.1
Luzula campestris 1 0 1 0 9,28 5,2 2.2
Luzula forsteri 1 0 1 0 12,35 5,5 1.1
Luzula luzuloides 112 34 31 47 7,76 3 1.1
Luzula pilosa 7 5 1 1 4,94 5,4 1.1
Luzula sylvatica 51 23 18 10 9,72 3 2.1
Lychnis flos-cuculi 1 0 0 1 7,33 / 2.2
Lysimachia nemorum 19 12 4 3 9,45 5,8 1.1
Lysimachia nummularia 3 3 0 0 7,86 6,1 2.1
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Lysimachia vulgaris 1 1 0 0 7,05 6 2.1
Lythrum salicaria 1 1 0 0 7,76 8,5 2.1
Maianthemum bifolium 1 0 1 0 4,76 3 1.1
Malus sylvestris 7 1 2 4 8,96 8,5 1.1
Melampyrum pratense 9 3 4 2 5,65 3 1.2
Melampyrum sylvaticum 3 0 1 2 3,14 / 1.2
Melica nutans 1 0 1 0 5,97 7,5 2.1
Melica uniflora 64 22 26 16 9,92 6,2 1.1
Melittis melissophyllum 4 0 1 3 11,71 7,5 1.2
Mentha aquatica 1 1 0 0 9,32 7,5 2.2
Mercurialis perennis 63 29 26 8 7,87 7,2 1.1
Milium effusum 57 24 19 14 5,63 5,5 1.1
Mnium hornum 2 1 1 0 / 35 /
Moehringia trinervia 52 18 15 19 8,08 5 2.1
Molinia caerulea 1 0 0 1 6,19 3 2.1
Myosotis scorpioides 1 1 0 0 6,92 6 2.1
Myosotis sylvatica 4 2 1 1 9,09 5,5 1.2
Myosoton aquaticum 2 1 1 0 7,59 / 2.2
Narcissus pseudonarcissus 1 1 0 0 / / /
Nasturtium officinale 3 2 1 0 / / /
Neottia nidus-avis 1 1 0 0 8,39 6,8 1.1
Orchis mascula 6 2 2 2 9,57 7 2.1
Oreoselinum nigrum 1 0 0 1 7,82 / 2.1
Oxalis acetosella 129 60 41 28 6,08 3 1.1
Paris quadrifolia 29 16 8 5 5,65 6,7 1.1
Petasites albus 4 2 1 1 8,27 6,7 2.1
Petasites hybridus 2 1 0 1 9,43 / 2.1
Phalaris arundinacea 1 1 0 0 6,58 8,5 2.1
Phyteuma nigrum 5 2 2 1 8,87 8,2 1.1
Phyteuma spicatum 21 12 6 3 8,31 6,5 1.2
Pilosella officinarum 1 0 1 0 7,75 8,5 2.2
Pimpinella major 4 0 3 1 9,14 8,4 2.2
Plagiochila asplenioides 3 3 0 0 / 6,5 /
Plagiomnium affine 13 8 3 2 / 5,5 /
Plagiomnium undulatum 29 14 10 5 / 6,2 /
Plagiothecium undulatum 5 3 0 2 / 3 /
Platanthera bifolia 1 0 0 1 6,51 8,5 2.1
Pleurozium schreberi 13 4 3 6 / 3 /
Poa annua 2 2 0 0 / / /
Poa chaixii 18 2 2 14 8,12 5,2 2.2
Poa nemoralis 48 14 13 21 6,26 5,4 1.1
Poa pratensis 1 0 1 0 6,2 6,25 2.2
Poa trivialis 13 6 5 2 8,14 / 2.1
Polygonatum multiflorum 60 14 24 22 8,04 6,3 1.1
Polygonatum odoratum 5 0 2 3 6,59 8,5 2.1
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Polygonatum verticillatum 61 25 19 17 6,8 6,4 2.1
Polypodium vulgare 18 8 4 6 7,95 6,8 2.1
Polystichum lonchitis 2 2 0 0 7,59 6,6 1.1
Polystichum setiferum 5 2 2 1 / 6,3 /
Polytrichum commune 3 1 0 2 / 3,4 /
Polytrichum formosum 119 43 35 41 / 3 /
Potentilla erecta 2 0 0 2 6,95 4.9 2.1
Potentilla micrantha 1 1 0 0 11,41 / 2.2
Potentilla sterilis 17 7 4 6 9,76 6,1 2.1
Prenanthes purpurea 77 29 23 25 7,96 3 1.1
Primula elatior 24 12 7 5 9,21 6,2 1.1
Primula veris 14 5 5 4 7,48 7 2.1
Pseudoscleropodium purum 8 4 1 3 / 4 /
Pteridium aquilinum 10 2 4 4 9,15 3 2.1
Pulmonaria montana 2 0 1 1 / / /
Pulmonaria obscura 22 13 7 2 5,7 6,3 /
Ranunculus aconitifolius 3 3 0 0 / 6 /
Ranunculus acris 5 1 2 2 5,61 5,7 2.2
Ranunculus bulbosus 4 1 1 2 9,8 8,2 /
Ranunculus platanifolius 2 1 0 1 5,64 6,6 2.1
Ranunculus repens 14 8 2 4 6,84 6 2.1
Rhizomnium punctatum 6 5 1 0 / 6,6 /
Rhodobryum roseum 1 1 0 0 / / /
Rhytidiadelphus loreus 49 25 13 11 / 3 /
Rhytidiadelphus squarrosus 2 0 2 0 / / /
Ribes alpinum 5 1 2 2 6,78 6,7 1.2
Ribes petraeum 1 1 0 0 / 6,9 /
Ribes rubrum 1 0 0 1 6,54 8 1.1
Ribes uva-crispa 1 0 1 0 7,87 7,3 2.1
Rosa arvensis 27 5 7 15 10,38 6,4 1.2
Rosa canina 4 0 3 1 8,99 8,5 2.1
Rubus caesius 4 2 1 1 7,83 8,5 2.1
Rubus fruticosus 157 58 56 43 8,77 5,5 /
Rubus idaeus 71 35 22 14 5,75 3 1.2
Rumex acetosa 6 1 4 1 6,87 5,9 0]
Rumex arifolius 7 3 1 3 8,68 / 2.1
Rumex obtusifolius 13 8 4 1 8,07 5,7 0]
Rumex sanguineus 1 1 0 0 8,8 / 1.1
Sambucus nigra 47 20 19 8 10,48 8,5 2.1
Sambucus racemosa 17 10 4 3 7,05 6,2 1.2
Sanicula europaea 5 2 2 1 8,51 6,3 1.1
Schedonorus giganteus 7 3 2 2 7,37 8,5 1.1
Scilla bifolia 4 0 1 3 9,24 6,8 2.1
Scorzoneroides pyrenaica 1 0 0 1 / 5,3 /
Scrophularia nodosa 16 8 6 2 7,17 5,7 1.1
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Senecio hercynicus 1 1 0 0 4,25 / /
Senecio ovatus 92 43 29 20 8,88 4,8 1.2
Senecio sylvaticus 3 0 3 0 8,73 / 1.2
Silene dioica 55 26 17 12 6,5 5,95 21
Silene nutans 4 0 1 3 7,09 8,5 2.1
Solidago gigantea 1 1 0 0 7,71 8,3 2.2
Solidago virgaurea 14 5 3 6 5,27 6,9 2.1
Stachys sylvatica 37 26 10 1 7,28 8,5 1.1
Stellaria graminea 2 0 1 1 6,14 / 0]
Stellaria holostea 32 9 10 13 7,01 5,3 1.1
Stellaria media 5 2 3 0 7,29 / 2.2
Stellaria nemorum 27 16 9 2 5,52 3,9 2.1
Succisa pratensis 1 1 0 0 7,14 5,8 2.2
Taraxacum officinale 3 1 1 1 / / /
Teucrium chamaedrys 2 1 0 1 11,56 8,5 2.1
Teucrium scorodonia 79 16 23 40 10,4 4,5 2.1
Thuidium tamariscinum 54 25 17 12 / 5,1 /
Thymus praecox 1 1 0 0 6,92 / /
Thymus serpyllum 1 0 1 0 5,17 / 2.2
Torilis japonica 1 1 0 0 8,78 6,3 1.2
Trifolium repens 2 0 1 1 7,88 5,6 2.2
Urtica dioica 80 43 22 15 7,64 6,1 2.1
Vaccinium myrtillus 42 17 12 13 5,07 3 2.1
Vaccinium vitis-idaea 1 0 0 1 4,35 3 2.1
Valeriana dioica 1 1 0 0 8,93 6 2.1
Valeriana officinalis 6 3 2 1 6,83 6,2 2.2
Veronica beccabunga 4 2 2 0 7,79 / 2.2
Veronica chamaedrys 33 10 12 11 7,29 6 2.1
Veronica hederifolia 9 3 4 2 10,63 7,7 2.1
Veronica montana 14 9 5 0 9,26 5,9 1.1
Veronica officinalis 41 14 11 16 7,12 5,8 2.1
Veronica serpyllifolia 1 0 1 0 6,78 / 2.2
Veronica sublobata 2 1 1 0 / / /
Viburnum opulus 3 2 0 1 6,46 7,7 2.1
Vicia dumetorum 1 0 1 0 8,16 / 1.2
Vicia sativa 2 0 0 2 8,46 8,5 /
Vicia sepium 18 5 6 7 6,55 6,5 2.1
Vincetoxicum hirundinaria 8 2 3 3 8,15 8,5 2.1
Viola mirabilis 4 1 0 3 5,7 7,5 1.1
Viola reichenbachiana 116 42 43 31 9,49 6,3 1.1
Viola riviniana 21 7 4 10 8,26 5,3 1.1
Xanthoselinum alsaticum 1 0 1 0 8,46 / 2.1
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Persistance ou adaptation de la flore forestiere face aux
effets conjugués du réchauffement climatique, de la
fragmentation des foréts et du microclimat ?

Mots-clés : Ecologie des communautés, Changements globaux, Modélisation, Microclimat,
Fragmentation forestiere, Diversité.

Résumé étendu en Francais

Introduction

La menace que fait peser le réchauffement climatique sur la biodiversité végétale
souligne l’intérét d’étudier conjointement les changements récents des communautés
végétales et les facteurs qui pourraient les ralentir (IPCC, 2021a; Sala et al., 2000; Wiens,
2016). En effet, les modeles de distributions d’espéeces prédisent des changements d’aires
de répartition, déclenchés par des évenements d’extinction et de colonisation (Lenoir &
Svenning, 2015). La conséquence attendue de ces déplacements a Uéchelle de la
communauté est le remplacement graduel des especes de climat froid par des espéeces de
climat plus chaud, un processus appelé thermophilisation (Bertrand et al., 2011; De Frenne
et al., 2013). Cette thermophilisation, souvent percue comme une adaptation de la flore au
nouveau climat peut étre affectée par des facteurs biophysiques multiples, agissant souvent
a des échelles trop fines pour étre captés par les modeles cités précédemment (Dobrowski,
2011; Greiser et al., 2020). Il est donc urgent de quantifier et de questionner si la
thermophilisation représente une adaptation des communautés, ainsi que de mesurer
comment le microclimat induit par la topographie ainsi que le couvert forestier - paysager
et local - offre un moyen de persistance des communautés végétale de sous-bois.

Les aires de distributions passées et futures des especes dépendent au moins en
partie de leur niche écologique, qui est le résultat de ’ensemble des traits acquis lors de
’évolution d’une espece pour qu’elle puisse s’adapter a un climat précis (Comte et al.,
2014; Soberdn & Peterson, 2005). Des estimations (imprécises du fait des interactions entre
especes et des contraintes géographiques) de la niche sont possibles grace aux modeles
climatiques et aux atlas de distribution d’especes (Vangansbeke et al., 2021). C’est au
travers de cette niche des températures que nous étudierons ’affinité des communautés et
leurs remaniements au regard du changement climatique. Méme si le coeur de ce travail se
base sur la température, sa corrélation avec d’autres variables climatiques (humidité du sol,
fréquence et intensité des sécheresses) rend nos résultats interprétables aussi par ces autres
facteurs (également affectés par le réchauffement climatique).

Agréger la niche climatique a l’échelle de la communauté permet d’étudier ’affinité
au climat d’un ensemble d’individus occupant le méme habitat (De Frenne et al., 2013;
Leibold & Chase, 2017). De la, nous pouvons nous poser la question de |’évolution temporelle
de cette affinité au climat (la thermophilisation) et identifier quelles especes disparaissent,
au profit de la colonisation de quelles autres. De plus, nous pouvons dresser un lien entre
thermophilisation et une perte discrete de la diversité, ’homogénéisation, qui entraine une
augmentation de la ressemblance des communautés entre elles (Tatsumi et al., 2021). Nous
pouvons également utiliser la composition des communautés pour identifier des conditions
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permettant une préservation des especes de climat froid, notamment grace a un microclimat
frais et protecteur (De Frenne et al., 2021; Pastore et al., 2022). Plus spécifiquement, nous
étudierons deux facteurs agissant a l’échelle du paysage - une échelle intermédiaire entre
la communauté et le climat a grande échelle - sur le microclimat : la topographie et le
couvert forestier. Au vu des futures prédictions de température (IPCC, 2021a) et de
déforestation (Doelman et al., 2018), il est important d’identifier des refuges climatiques
pour les especes, d’autant que la stabilité des refuges est variable. La topographie par
exemple est beaucoup plus stable qu’un couvert forestier (Finocchiaro et al., 2023; Pastore
et al., 2022).

Les trois questionnements abordés au cours de ce travail a ’échelle des foréts
Francaises, prenant les communautés végétales de sous-bois comme sujet d’étude, sont les
suivantes :

(1) Est-ce que le réchauffement récent de la température (2005-2021) provoque une
thermophilisation des communautés végétales des foréts francaises ? Quelle est la nature de
cette thermophilisation (extinction vs colonisation) ? Entraine-t-elle une homogénéisation
des communautés ?

(2) Le couvert forestier a l’échelle du paysage peut-il avoir un impact sur ’affinité
climatique des communautés ? Par quels processus ?

(3) Quels sont les effets relatifs de la topographie et de la canopée sur le microclimat
(température sous la canopée) des foréts de montagne ? Le refroidissement induit par la
topographie peut-il conserver en plus grand nombre des especes de climat froid ?

1¢" chapitre : L’extinction explique la thermophilisation des communautés des
foréts tempérées, mais ne déclenche pas d’homogénéisation (Borderieux et
al., 2024).

L’objectif de ce chapitre est de quantifier conjointement la thermophilisation et
’homogénéisation des communautés végétales, et les dynamiques des communautés qui leur
sont sous-jacentes. Il est important de rappeler qu'un taux donné de thermophilisation
(quantifié en °C/an) peut étre expliqué par des phénomeénes écologiques complétement
différents. Une prédominance des phénomenes d’extinction montre que les tolérances a la
chaleur ou a la secheresse des especes de climat froid en place ont été dépassées (Kuhn &
Gégout, 2019), indiquant une perte de diversité locale. Les phénoménes de colonisation
quant a eux relevent avant tout de la capacité de nouvelles plantes (d’un climat plus adapté)
a atteindre la communauté (Comte et al., 2014; Dullinger et al., 2015). La thermophilisation
étant un processus sélectif, il se peut qu’une redondance dans les especes sélectionnées
entraine une homogénéisation des communautés, une perte de diversité qui peut diminuer
les services écosystémiques et la résilience du sous-bois (Landuyt et al., 2019; Pastore et
al., 2022; Wang et al., 2021). L’homogénéisation peut avoir lieu si des especes déja rares
disparaissent ou si des especes déja fréquentes s’étendent encore plus (Tatsumi et al.,
2021). Cette analyse a été réalisée a l’échelle de la sylvoécoregion (IGN, 2013), nous avons
aussi testé comment son climat influence le remaniement des communautés.

Nous avons utilisé les placettes de l’Inventaire Forestier National (IFN) francais (IGN,
2019b) pour créer des couples temporels de placettes (Fig.1). Nous avons associé chaque
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placette de la maille de U'IFN avec une placette réalisées 10 ans plus tard, pour créer un
échantillon de 14,167 paires, réparties dans 80 sylvoécoregions. Nous avons partitionné la
thermophilisation et le changement de B-diversité en 4 composantes : extinction et
colonisation des especes de climat chaud et froids.

(@) (b)

50°N 4

48°N

46°N A

42°N A

Nombre de paire de placettes

15:50 101:200 301:400 Exclue Périodes des placettes IFN

| 51100 201:300 B >400 © Placettes anciennes (2005-2011)
@ Placettes récentes (2015-2021)
Fig. 1: lllustration du processus d’appariement des placettes de la sylvoécoregion dessinées
en rouge (b), et carte des sylvoécoregions et du nombre de paires qu’elles contiennent (a).

Nous montrons que Uextinction est la seule dynamique qui provoque la
thermophilisation des communautés (estimée a 0.12 C/ 10 ans, Fig.2.a). Ce résultat remet
en cause la vision selon laquelle la thermophilisation est une adaptation des communautés.
Il s’agirait plutot d’une altération entrainant des conséquences négatives sur la diversité
locale, mais ne provoquant pas d’homogénéisation des sylvoécoregions (Fig.2.b). Nous
montrons grace au partitionnement que les especes de climat froid en déclin étaient autant
rares que fréquentes, provoquant ainsi un changement nul de B-diversité. Les taux de
thermophilisation, et donc d’extinction, sont plus élevés dans les sylvoécoregions
méditerranéennes et du sud-ouest, atteignant parfois 0.25°C /10ans.

Ces résultats démontrent que décomposer des métriques aussi simples que la
thermophilisation permet de gagner en pouvoir explicatif. Dans les foréts tempérées,
l'observation d'une prédominance de l'extinction (liée a une absence de colonisation par des
especes plus adaptées) met en évidence le besoin d'étudier des facteurs biophysiques de
persistances des communautés pour mieux évaluer les risques de perte de biodiversité a
large échelle et moyen terme.
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Fig. 2: Partition de la thermophilisation (a) et de [’homogénéisation (b). Un point
représente la valeur d’une sylvoécoregion. Une espéece est classée « extinction » quand elle
a perdu en nombre d’occurrences avec le temps, une espece est classée « climat froid »
quand sa niche écologique est plus froide que la niche moyenne des communautés de la
sylvoécoregion. Le point blanc représente la valeur d’un modéle nul selon lequel le
changement d’occurrence d’une espece est indépendant de sa niche climatique.

2¢me chapitre : Le couvert forestier favorise les communautés végétales de
climat froid dans les mosaiques agriculture-forét (Borderieux et al., 2023).
L’objectif de ce chapitre est de tester comment la couverture forestiére peut
favoriser les especes de climat froid, dans le contexte de mosaiques agriculture-forét
caractéristique de l’Europe tempérée (Ellis, 2021). L’hypothése sous-jacente est qu’en plus
du refroidissement local que provoque la canopée (De Frenne et al., 2019; Kemppinen et
al., 2023), une couverture forestiére importante peut refroidir le climat régional (Bonan,
2008; Hesslerova et al., 2013; Pokorny et al., 2010). La fragmentation actuelle des foréts en
massifs inégaux n’est pas indépendante du contexte historique. Les petits massifs forestiers
ont plus de chance d’étre des foréts jeunes, poussant sur un sol agricole encore riche, alors
que les grands et anciens massifs ont perduré car leur sol n’était pas intéressant pour
’agriculture (Berges et al., 2013, 2016; Dupouey, Sciama, et al., 2002). De ce fait, nous
avons testé comment les différences de richesse chimique du sol ont pu influencer I’ affinité
climatique des communautés. Cela est rendu possible par |’éventuelle corrélation entre la
niche climatique et la niche édaphique des especes. Cette corrélation est probable car les
especes de climat froid ont nécessairement évolué sur des sols plus pauvres du fait du
manque d’activité biologique limitée par la contrainte thermique et des humus composés a
base d’aiguilles de résineux, Ewald, 2003).
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Nous avons utilisé UIFN pour réaliser un appariement de placettes proches (<5 km)
mais situées dans des zones avec des taux de couverture forestiére opposés (nombre de
paires : 2,012). Nous avons utilisé un modeéle linéaire pour étudier distinctement ’effet du
sol et un possible effet de la couverture forestiere.
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Fig. 3: Carte des paires de points IFN et illustration du processus d’appariment.
Histogramme des différences d’affinité climatique (CTI) entre la placette (communauté)
située en zone trés forestiere et en zone faiblement forestiére de la paire. Une différence
négative signifie que la placette en milieu tres forestier comporte une communauté plus
adaptée aux climats froids. La moyenne de différence de CTI est représentée par la ligne
pleine verticale.

Nous avons montré que l’affinité climatique des communautés de paysages trés
forestiers est en moyenne 0.26°C plus basse (Fig.3). La moitié de cette diminution est
expliquée par la différence de conditions du sol : les zones tres forestieres comportent des
sols plus pauvres qui favorisent les especes de climat froid. L’autre moitié de cette
diminution n’est expliquée par aucun des facteurs inclus dans le modeéle, ce qui suggére un
effet attribuable a la seule différence de couvert forestier entre les placettes. Nous
interprétons cet effet comme un refroidissement du climat régional par la couverture
forestiere.

La fragmentation forestiére est traditionnellement interprétée comme un facteur
limitant les possibilités de migrations des espéces (Dullinger et al., 2015). Ces résultats
placent la fragmentation forestiere aussi comme un facteur capable d’altérer le paysage
thermique et édaphique des espéces, et montrent que les massifs forestiers favorisent les
especes de climat froid.
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3¢me chapitre : Le microclimat induit par la topographie conduit a une forte
diversité floristique dans les foréts des montagnes tempérées (Borderieux et
al., in prep).

L’objectif de ce chapitre est de compléter |’étude des facteurs pouvant expliquer la
persistance de la composition des communautés floristiques a l’échelle paysagere, dans le
contexte des foréts de montagnes cette fois. Nous cherchons a déméler les effets du
microclimat provoqué par la canopée et ceux de la topographie (que nous appellerons
topoclimat) sur la température du sous-bois forestier. Le microclimat est un résultat de
’ombrage et de I’évapotranspiration qui explique la fraicheur du sous-bois en été (De Frenne
et al., 2021). Le topoclimat est quant a lui expliqué par le plus grand ensoleillement des
faces exposées au sud (pour une montagne de l’hémisphére nord), et par ’accumulation de
Uair froid au fond des vallées. La distinction entre les deux est nécessaire car la canopée
peut étre brusquement retirée par une perturbation comme une coupe, une attaque de
scolyte ou une tempéte, alors que le topoclimat, lui, est particulierement stable dans le
temps (Finocchiaro et al., 2023; Pastore et al., 2022). Nous évaluerons donc les effets
respectifs du couvert de la canopée et du topoclimat sur l’affinité climatique et la richesse
spécifique des communautés.

Nous avons combiné les mesures faites par 48 thermomeétres, répartis dans le sous-
bois de vallée de la Thur (massif des Vosges) dans différents contextes topographiques et de
couverts forestiers pour modéliser la température du sous-bois. Nous avons ensuite utilisé
ce modeéle pour quantifier les effets de la canopée et du topoclimat sur la composition et la
diversité de 306 placettes situées dans la vallée.
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Fig. 4: Illustration du gradient altitudinal (a), du topoclimat (b) et du microclimat (c) (qui
est induit par la canopée). (d) représente un agrandissement d’une partie de la vallée (carré
rouge) pour ces trois processus.
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Nous avons montré que le topoclimat (exposition et position dans la vallée) est un
facteur plus important que la canopée pour expliquer les températures du sous-bois. Pendant
la saison de végétation 2022, la température sous couvert était 1.5°C plus fraiche au fond
d’une vallée ombragée comparée a une arréte exposée au sud (Fig.4). Nous montrons aussi
que, une fois le gradient altitudinal pris en compte, seul le topoclimat faconne la
composition et la diversité des communautés de la région. Les communautés des topoclimats
froids comportent en moyenne 5 especes de plus que celles des autres topoclimats (Fig.5).
Cette différence est expliquée par une augmentation du nombre d’espéces de climat froid
qui sont aussi bien des especes forestieres spécialistes que généralistes.
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Fig. 5 : Richesse spécifique (a) et affinité climatique (b) des communautés en fonction des
classes ‘froid’, ‘modéré’ et ‘chaud’ de topoclimat, comportant chacune 102 relevés
floristiques. Les deux valeurs ont été corrigées par le pH bioindiqué du relevé, les
différences significatives (** et ***) sont testées par un test de Wilcoxon.

Ces résultats démontrent la prévalence de la topographie comme élément
structurant des températures et des communautés de montagnes. Cette étude s’ajoute a la
littérature s’intéressant aux refuges climatiques, des espaces ou les conditions locales
peuvent durablement soutenir des espéeces pourtant inadaptées au nouveau climat régional
(Greiser et al., 2020; Hylander et al., 2022; Pastore et al., 2022). Il est aussi probable que
les fonds de vallée soient plus humides grace aux réseaux hydrographiques, tamponnant
d’autant plus la température et permettant aux especes sensibles aux secheresses de
subsister (Raduta et al., 2018).

Principales conclusions

Nos résultats ont permis de montrer que la thermophilisation récente de la flore
forestiere francaise est due a "extinction locale d’especes de climat froid, il ne s’agit donc
pas d’une adaptation. Ces extinctions entrainent une baisse de la diversité locale, mais n’ont
pas eu d’incidence sur la redondance des communautés. Nous avons identifié deux facteurs
de persistances des communautés de climat froid : le couvert forestier du paysage (influencé
par la fragmentation des foréts) et les effets de versant nord et de fond de vallée qui
favorisent les especes adaptées au froid et la diversité des communautés qui les accueillent.
Ces facteurs seront essentiels pour comprendre et conserver les communautés végétales
dans un contexte d’extinctions locales causées par le réchauffement climatique.
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Abstract

Predictions of how forest plant communities and their diversity will respond to the 21st
century climate warming are ambiguous. On one hand, warm-adapted species are expected
to colonize communities at the expense of locally extinct cold-adapted species, in a process
called thermophilization. On the other hand, forest fragmentation and the cooling effects
derived from canopy cover and topography on microclimates are thought to prevent such
thermophilization. This thesis aims to quantify the processes (extinction vs. colonization)
behind the recent trends of community thermophilization (2005-2021) and to identify
biophysical factors that can explain local persistence of communities.

We first used French National Forest Inventory (NFI) plots (2005-2021) to create a balanced
temporal pairing of plots. We used the 14,167 pairs to study thermophilization and
homogenization (increase in similarity between communities) trends in plant communities
and partitioned their underlying processes. We found a significant thermophilization trend
across French forests, which was solely explained by the regression of cold-adapted species.
We found no homogenization because cold-adapted species extinctions occurred
independently of their rarity. These results show that thermophilization in lowland
temperate forests is a sign of community alteration, rather than adaptation to climate
change. This further illustrates the need to identify local refugia for cold-adapted species.

To test how high amount of forest cover could shelter cold-adapted communities, we used
the NFI to pair plots in contrasting mosaics of forest and agriculture differing in total forest
cover. The 2,012 pairs created allowed to compare communities’ affinity to climate of
forested and less forested landscapes. We found that forested landscapes harbored colder-
adapted communities. This cooling effect was mostly explained by difference of soil
conditions, but we also found a unique landscape effect that hints a microclimatic cooling
of landscape forest cover. This places forest cover as a landscape-scale driver of community
affinity to climate.

Lastly, we conducted measurements of understory temperature in a valley of the Vosges to
disentangle the relative effect of canopy and topography on microclimate and communities.
By associating a microclimate model (48 loggers) with 306 vegetation plots, we showed that
topography (aspect and topographic position) outweighed canopy cover at explaining
growing season microclimate. Similarly, the effect of topography -decoupled from elevation-
explained community affinity to climate and species richness. Communities displayed richer
and colder-adapted communities in north-facing slopes and shaded valley bottoms compared
to other topography. These results show that topography, a much more stable microclimatic
driver than canopy cover, effectively shelters diverse communities of cold-adapted species
in mountain forests.

Our results are aligned with the prediction community reshuffling and diversity decline. This
seemingly ubiquitous extinction-driven thermophilization is nuanced by two prominent
landscape-scale sources of species persistence, forest cover and topography. Taking
advantage of the cooling offered by these two factors will be key for plant community
conservation and comprehension.
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Titre : Persistance ou adaptation de la flore forestiére face aux effets conjugués
du réchauffement climatique, de la fragmentation des foréts et du microclimat ?

Mots-clés : Ecologie des communautés, Changements globaux, Modélisation, Microclimat,
Fragmentation forestiere, Diversité.

Résumé

Une contradiction réside dans nos prédictions de |’évolution des communautés forestieres
végétales face au réchauffement climatique du 21°™ siecle. D'un c6té, les especes de climat
chaud pourraient coloniser les communautés en remplacant des espéces de climat froid, un
processus appelé thermophilisation. De [’autre, la fragmentation des foréts et la protection
qu’offrent les microclimats créés par la canopée et la topographie sont supposées empécher
ce changement. Cette these vise a quantifier les processus (extinction vs colonisation) a
l'origine des tendances récentes de thermophilisation des communautés (2005 -2021) et a
identifier des facteurs biophysiques qui peuvent expliquer la persistance locale de
communautés.

Nous avons d'abord utilisé les placettes de l'Inventaire forestier national (IFN) francais (2005-
2021) pour créer des paires de placettes équilibrées dans le temps. Nous avons utilisé les
14,167 paires pour étudier les tendances de thermophilisation et d’homogénéisation
(augmentation de la similarité entre les communautés) des communautés végétales. Nous
avons constaté une thermophilisation des communautés forestieres francaises, expliquée
uniquement par la perte d’especes de climat froid. Nous n'avons pas détecté
d'’homogénéisation car les extinctions despéces de climat froid se sont produites
indépendamment de leurs raretés. Ces résultats montrent que, plutot qu’étre une
adaptation, la thermophilisation s’apparente a une altération des communautés. Cela
illustre la nécessité d'identifier des refuges locaux pour les especes de climat froid.

Pour tester si un couvert forestier important peut abriter des communautés adaptées au
froid, nous avons utilisé les placettes IFN pour coupler des parcelles avec différents taux de
couvert forestier. Les 2,012 paires ainsi créées ont permis de comparer l'affinité climatique
des communautés dans des paysages forestiers et moins forestiers. Nous avons montré que
les paysages forestiers abritaient des communautés plus adaptées aux climats froids. Ce
‘refroidissement’ s'explique principalement par des différences de conditions pédologiques,
mais nous avons également observé un effet purement lié au paysage qui suggére un
refroidissement microclimatique du couvert forestier.

Enfin, nous avons effectué des mesures de la température du sous-bois dans une vallée des
Vosges afin de séparer l'effet de la canopée de celui de la topographie sur le microclimat et
les communautés. Nous avons montré que la topographie l'emportait sur la canopée pour
expliquer le microclimat et la composition des communautés. De plus, les communautés
étaient plus riches et comportaient plus d’espéces de climat froid sur les pentes orientées
vers le nord et dans les fonds de vallée ombragés que dans le reste de la zone.

Nos résultats confirment le déclin de la diversité prédit et le manque d’adaptation des
communautés. Cette thermophilisation due a l'extinction est toutefois a nuancer par deux
sources importantes de persistance des espéeces : la couverture forestiere et la topographie.
Tirer parti du refroidissement offert par ces deux facteurs sera essentiel pour la conservation
et la compréhension des communautés végétales.
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