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Abstract

A broad consensus has been reached on the need to adapt the management of
our forests to the context of the rapidly changing climate, which resulted in the
development of numerous models capable of simulating the impact of the climate
change on the forest. The primary goal of this specific endeavor is to propose a novel
framework of comparative analysis which could lead to the unique and universal
description and mapping of these models. This framework is based on the reduction
of the model output to the relatively simplistic information about the presence of
the tree species suitable for the forest management i.e. - a binary classifier, making
it comparable with the largely available tree presence observations. The framework
we propose comes along with a new score, based on the joint use of the Principal
Component Analysis and the Co-inertia Analysis, which evaluates the model vis-a-
vis the corresponding observations with the focus on its phase space dynamics i.e.
its dependence on external environmental variables, rather than its spatial precision.
The pertinence of the proposed multi-scale approach, suitable for the multi-scale
analysis, is demonstrated by conjointly using prototype binary classifiers, designed
for this purpose, and two different examples of binary classifiers used in the forest
management - climate-dependent tree species distribution models. This work has
the ambition to serve as the basis for a potential combination of different models
at different spatial scales in order to improve the decision making process in the
forest management.

Keywords: comparative analysis, score, adaptation, forest, climate change.

1 Introduction

Climate change has a major impact on the functioning of forest ecosystems, whether
directly through the physiological response of trees to changing climatic parameters,
or indirectly through the impact of this change on the biotic and abiotic components
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interacting with the trees (Parmesan et al., 2022). This impact is manifested by droughts
and heat episodes having consequences on the growth, mortality and recruitment rates of
tree species, as well as on their genetic structure; or by the increased risk of forest fires,
storm damage, insect pests and diseases, which finally results in niche distribution shifts
(Dale et al., 2001; Bréda et al., 2006; Taccoen et al., 2019; Frank et al., 2015).

The climatic projections as well as the ongoing manifestations of the changing climate
we are witnessing (IPCC, 2021) remind us that aside the urgency of mitigating further
changes, there is also the absolute and imminent necessity for the well-timed adaptation to
the consequences, which are to a certain extent inevitable due to the inertia of the system.
Adapting forest to the changing climate is of major importance for the preservation of
its multiple ecosystem services (Keenan et al., 2015). Furthermore, due to the crucial
role of forests as both carbon sinks and sources of renewable materials and energy, the
adaptation efforts in the domain of forest management are of particular importance even
for the climate change mitigation (Ciais et al., 2005; Nabuurs et al., 2022).

In order to adapt forest to climate change, we ought to be able to simulate the re-
sponse of forests to changing climate. There are different kinds of climate sensitive models
for forest and vegetation, depending on the modeling approach, the type of process mod-
eled, the data used, the response variable predicted, and the level of description of the
forest (Porté and Bartelink, 2002). A common categorization distinguishes between sta-
tistical models (which look for correlations between forest characteristics and covariates),
process-based models (which focus on the processes behind the functioning of the forest
ecosystem), and mixed models (which combine the two). The first category includes
species distribution models (Guisan and Thuiller, 2005, e.g. model BIOMOD, Thuiller
et al., 2009) and growth models (e.g. model STASH, Sykes et al., 1996). The second
category includes ecophysiological models (e.g. model CASTANEA, Dufréne et al., 2005)
and dynamic global vegetation models (e.g. model Orchidee, Krinner et al., 2005).

Given the variety of climate-dependent forest models currently available, a pending
question is the selection of the models to use for decision-making. A straightforward
approach would consist in comparing different models based on their prediction per-
formance and to declare a “winner model” which should be used for decision-making.
Another approach would consist in combining the different models for decision-making
based on consensus prediction from the ensemble of available models (Bhat et al., 2011).
In line with the latter approach, this study contributes to making the best of all available
forest models in order to support relevant decision-making in forest management for the
adaptation of forests to climate change (Yousefpour et al., 2017). Our goal is to provide
tools to assess and open the way to the potential interpretation of differences between
model predictions at different spatial scales, in order to help ensuring that the use of any
model is well suited to the particular circumstances and issues addressed (Segurado and
Aratjo, 2004).

Our model assessment relies on a new comparative analysis framework that consists
in back-projecting both model predictions and independent observations into the space
of the covariates of the model. Indeed, the different models that predict the climate de-
pendence of tree species operate in different spaces, i.e. have different “output” variables
and covariates (including climatic variables). This makes their direct inter-comparison
difficult or even impossible. We therefore envisaged an approach where the output of
every model is reduced to the binary variable reflecting the potential presence of the
species — a variable nearly equivalent to the information that can be derived from a na-
tional forest inventory or from a floristic survey. In other words, in order to be considered
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in the proposed framework a model has to be transformed into a binary classifier. For
each model, predicted species presence is then back-projected into the space of model
covariates. Ditto, observed species presence originating from a national forest inventory
is projected in the same space of the model covariates. The two clouds of presence points
are finally compared using a similarity score. We established this score using principal
component analysis and co-inertia analysis at different spatial scales. This score quan-
tifies the mismatch between the cloud of points originating from model predictions and
that originating from observations and, more importantly, could give us a key to under-
standing this mismatch in terms of model covariates, notably the climatic ones. The
evaluation of the presented idea aims to demonstrate the advantages of such an approach
having a focus on the phase space dynamics with respect to the scores concentrated on
the spatial precision, the latter being commonly employed in the field of forest modeling
and not being able to properly separate the ecological potential and the impact of the
human management.

The article is organized as follows: in Section 2 we explain the challenging context of
the comparative analysis between forest models accounting for the climatic impact, while
simultaneously defining the basis of the mathematical structure of the article. In Section
3 we propose a novel framework that is the first part of our response to the challenge
raised in Section 2. In Section 4 we elaborate the concept of a new score. Section 5
illustrates the proposed methods with real and synthesized data, and also applies them
to a real case consisting of two climate-dependent species distribution models. The results
are confronted to those obtained with conventional model comparison tools. Section 6
concludes the article and briefly evokes the perspectives of the work.

2 A common set of observations to compare different
models

Let yo = 9(y.4,¥5%,0) be a dynamical system that predicts the state y of a system
at location s and time ¢’ from its state at time ¢t < t’ and external variables y® whose
dynamics are not determined by the system in question. The dot in notation y ; represents
the set of all locations: y; = (y«),s Where S is the study region. The function g
that defines the dynamics also depends on parameters 6. We hereafter suppose that
parameters 6 are known, i.e. we do not consider here the issue of model calibration that
consists in estimating 6 from data. In the forestry context of interest here, state variables
y characterize a forest stand and consist of variables such as tree density, basal area,
canopy height, volume, biomass, species diversity, species abundances, species frequencies,
genetic structure, economic value. External variables y© characterize the environment
that influences the forest stand and consist of variables such as climatic variables, soil
variables, topographical variables.

We are specifically interested here in assessing the response of a forest stand to cli-
mate change, i.e. assessing the change in y when the climatic variables included in y*
vary. The dynamical system defined by g may not only include the dependence of the
forest dynamics on its environment (niche dependence) but also internal processes such
as competition, dispersal of seeds, etc. (through the dependence of ys on y ;). The dy-
namical system may thus include spatial effects due to dispersal limitations and possibly
differentiate the fundamental niche of a species from its realized niche, depending on the
past history of the species.
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Let zg = h(z4,25,0") be a second dynamical system that predicts the state of a
forest stand. We do not make any assumption about the phase spaces to which y and z
belong, nor about the spaces to which y° and z°® belong: these spaces may coincide, or
share a common subspace, or be completely disjointed. For instance, when y and z give
both the probability of presence of a subject tree species, the two phase spaces are the
same. When y gives the probability of presence of the subject species and z its growth
rate, the two phase spaces are disjointed. When y gives the growth rate and genetic
diversity of the subject species and z gives its growth rate only, the two phase spaces
share a common subspace (in this specific example, the phase space of z is embedded in
that of y).

The question addressed in this paper is to comparatively assess the performance of
g and h to predict a subject tree species response to climate change. We assume that
a dataset of observations at a given time t; is available: {(xstl,xitl) 1S € A}, where
A is the geographical region where observations have been made. We assume that the
frequency of the subject species, denoted f, is among the observed characteristics of the
forest stand, i.e. f is one element of vector x. We also assume that all external variables
y© and z° that are required to run models ¢ and h are included in the observed variables
x°, i.e. y°is a subvector of x°, and so is z°. Hence, starting from some initial conditions,
we assume that models g and h allow us to predict yg, and zg, for all s € A. The
main difficulty to overcome to compare models g and h is that the phase space ) of
y, the phase space Z of z and the phase space X of x, may overlap or be completely
disjointed. In other words, the variables that are predicted by any model may completely
differ from those predicted by the other model or from observed variables. Therefore,
model comparison is not simply a matter of comparing predicted variables.

If the phase spaces share a common subspace (a fortiori if they are embedded), i.e. if
XNYNZ=F with F # (), the models may be compared on the basis on this common
set of variables in F. If o denotes the projection operator that associates to any vector
y € Y its subvector a(y) € F and similarly 8 projects Z onto F and « projects X onto
F, models may be compared based on their capacity to predict observations 7(x). For
any model, comparing its predictions to observations corresponds to model validation.
Let u : F x F — RT be a goodness-of-fit metric. The “best” model among g and h is
the one with the greatest goodness-of-fit among u [a(y ¢, ), v(x4, )] and w[5(z4, ), (X4 )]
(e.g. Zurell et al., 2016).

However, even in the case where phase spaces share a common subspace, assessing
models based on this common subspace may not be the most relevant strategy. In the
most general case where variables can be of any kind, the largest subset of variables
that are in common to all models and observations may not be the most relevant one to
assess the species response to climate change. Imagine for instance a species that has a
very homogeneous genetic structure and whose dynamics hardly depend on its genetic
diversity. Imagine that two models for this species are to be compared: a model g that
predicts the species growth and genetic diversity, and a model h that predicts the species
mortality and genetic diversity. Even if growth and mortality can be relevant variables to
assess the species response to climate change, the variable in common to the two models
is the genetic diversity that is an irrelevant variable in this theoretical case. Hence the
projections of Z and ) onto F may cause relevant information to be lost.

Moreover, even when the models have the same phase space, comparing them on the
basis of a goodness-of-fit metric tells us nothing about the reasons why the predictions
of the two models differ or not. To develop tools for decision making, beyond comparing
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the prediction performance of the models, it is important to map the differences between
their predictions in the space of external variables.

As explained in the subsequent sections, the issue of possibly disjointed phase spaces
and the issue of mapping model predictions are both solved using the dataset of observa-
tions that is common to all models (Fig. 1). In the next sections (from Section 3 to 5.2),
we focus on one of the models and the dataset of observations. In other words, we focus
on the upper part of the diagram in Fig. 1 that comprises model g and observations, or
equivalently on its lower part. We shall revert to the question of inter-model comparison
in Section 5.3.

3 A new framework for model evaluation

In order to account for the most general case where the phase spaces are possibly
disjointed, we here propose an approach that relies on the predicted species occurrences
ff,, where occurrence is a binary variable indicating species presence (ff, = 1) or absence
(ff = 0). Unless species occurrence is already part of the model output variables (i.e.
fi, C yu), it is predicted from the output variables y;, of the model and the observed
species occurrence f{ C x;,. Mapping differences between model predictions then consists
in comparing the subspaces of the external variables that correspond to species presence
(Fig. 1). Using the output variables of model g as predictors of the species occurrence
allows us to compare models with disjointed phase spaces in a common space. The species
occurrence plays a particular role that differentiates it from the other observed variables.
It is assumed to be a relevant indicator of a species response to climate change.

It is also implicitly assumed that the complex response of the species to climate change
is already captured by the model g, so that the relationship between the species occurrence
and yy, is more straightforward than the relationship between the species occurrence and
climate variables. For instance, Cheaib et al. (2012) used an output variable of the model
and a threshold value to define a binary classifier that predicts the species occurrence.
The predictive performance of this classifier was assessed using the true skill statistic
(TSS), and the estimate of the threshold value was the value that maximized the TSS.
Hence, models were compared on the basis of their maximum TSS. An alternative method
would consist in fitting a model that predicts the species occurrence, e.g. using logistic
regression or a machine learning method. Models can then be directly compared on the
basis of their goodness-of-fit to observed species occurrences.

Let p;, = Pr ( fi = 1|yt1) be the probability of presence of the subject species as
predicted from the predictions of model g. To bring all models on a common ground,
we move back to the subspace of external variables and compare two clouds of points:
the one formed by the external variables where the species is predicted to be present
(y¢|pt, > u, where u is a given threshold value), and the one formed by the same external
variables (y* is a subvector of x°) where the species is observed to be present (y°|f? = 1).
In Fig 1, we do not limit the comparison to the time t; in order to make the framework
eligible for the evaluation of external variables that have temporal rather than spatial
influence (e.g. CO, concentration).

Spatial coordinates may be among the external variables y¢ that define the space
where species presence is projected. If these external variables are exactly the spatial
coordinates, then our framework boils down to comparing the geographical maps of pre-
dicted and observed species presence, which is a common approach to understanding
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Figure 1: Schematic illustration of a new framework.

differences between model predictions. Our framework can thus be seen as an extension
of the common approach to the mapping of species presence in a space that may also
include environmental covariates.

We shall illustrate the framework with the global prototype land surface binary clas-
sifier model designed specifically for this purpose (Fig. 2). Its input are three Gaussian
random fields simulated with Miiller et al. (2022), having the same variance but different
correlation lengths (Fig. 2a-c). These three variables form the vector yf . The output
of the prototype model is the binary information, corresponding to the modeled species
presence, obtained as the thresholded product of three random fields (Fig. 2d). It thus
corresponds to a simple situation where species occurrence does not have to be predicted
from the state variables y;, of the model.

Projecting the predicted species presence in the three-dimensional space formed by
the external variables y° gives the first cloud of points (Fig. 2e). The reference dataset,
representing f{ C x;, and corresponding to the observed species presence, is obtained by
adding a Gaussian noise to the product of three stochastic random fields and thresholding
it with a higher value than the prototype model (Fig. 2f). Because external variables are
also mapped at this scale (y¢ C x¢), we can equally project the observed species presence
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Figure 2: Illustration of the new framework using the prototype binary classifier model
designed specifically for this purpose - part I: (a)—(c) external variables, (d) map of the
predicted species presence, (e) cloud of points of the predicted species presence in the
space formed by the prototype model external variables, (f) map of observed species
presence, (g) cloud of points of the observed species presence in the space formed by the
prototype model external variables.

Dim ! max min

in the space formed by the external variables, which gives us the second cloud of presence
points (Fig. 2g). The model evaluation then boils down to estimating the similarity
between these two clouds of points. This approach is more informative than a goodness-
of-fit metric based on a 2 x 2 contingency table with counts of true positives, true
negatives, false positives and false negatives, which ignores the structure of predictions
and observations in the geographical and environmental spaces.
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(f) CIA of df1 mod and df2 obs CIA of dft mod and df2 obs (g)

Figure 3: Illustration of the new framework - part II: (a) principal components of the
clouds of points presented in Fig. 2e (model predictions, blue arrows) and Fig. 2g (ob-
servations, red arrows), (b) predicted presences projected in the space of the PCA of
model predictions, (c) predicted presences projected in the space of the PCA of obser-
vations, (d) observed presences projected in the space of the PCA of model predictions,
(e) observed presences projected in the space of the PCA of observations, (f) predicted
presences projected in the space of the co-inertia between model predictions and obser-
vations, (g) observed presences projected in the space of the co-inertia between model
predictions and observations.

4 A new score for point cloud similarity

The framework introduced in the previous section, which reduces the model evaluation
to the comparison of clouds of points, must be completed by a similarity index between
clouds of points, capable of summarising the different dimensions of the phase space into a
one-dimensional metric. We here propose a new score which is to a large extent based on
the combination of the principal component analysis (PCA) (Jolliffe, 2002) and coinertia
analysis (CIA) (Dolédec and Chessel, 1994). When employing a term ”score” we intend
a quantity which informs on the similarity between the model and the observations.

PCA is a commonly used statistical technique depicting an orthogonal linear trans-
formation which basically transforms the original space of the analyzed data into a new
space constructed around the direction of maximal variance (Papoulis, 1991). The di-
rection of maximal variance corresponds to the first eigenvector of the multivariate data
covariance matrix (C), and all the subsequent axes are orthogonal and descending in
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terms of explained variance. The principal axes of the predicted and observed clouds
of points give us a first clue of the way external (in this case, climatic) variables drive
model predictions on the one hand (Fig. 3a, blue arrows), and observations on the other
hand (Fig. 3a, red arrows). Let D be the number of external variables of the model.
Let N, be the number of predicted presences according to model g, and let YY be the
matrix with N, rows and D columns that contains the external variables y¢|f7 =1 at all
predicted species presences. Ditto, let N, be the number of observed presences and Y*°
the N, x D matrix that contains the external variables y°|f? = 1 at all observed species
presences. The principal axes QY and Q° of the model predictions and observations are
D x D matrices that follow from:

CYQY = QIAY, where CY = Ni (Y''YY), (1)
g
1

C°Q° = Q°A°, where C° = A (YY), (2)

o

with A9 and A° being the diagonal matrices containing eigenvalues and designing the
proportion of variance explained by the component obtained using the corresponding
column of Q, i.e. by the corresponding principal component. The number of principal
components is equal to the number D of external variables, but to have a score whose
formal conception is independent of this dimensionality which varies from model to model,
we propose to keep, if possible, only the first three axes Q[px3) - considered by the authors
to be the minimal dimensionality in order for a model to be envisaged for applications
this methodology is destined to (e.g. defining public policies). We specified if possible
because if the substantial part of the variance is not explained by the first three axes,
keeping more axes should be envisaged, even if that could mean that the score formal
conception differs between different models involved in the comparison. The score we
are looking for is related to the transformation that aligns the principal axes Q[gDX 3 and
QfDX 3] (depending on the angle between them), which leads us to the co-inertia analysis.

While there are many statistical ways to measure the relation between two variables,
there are fewer solutions available to measure the relation between two matrices like
Q[gDX3] and Qfng] (Indahl et al., 2018). Co-inertia analysis is a statistical multivariate
method which, based on inertia as a measure of data variability, can be used to measure
the concordance between two datasets (Dray et al., 2003a,b). Co-inertia analysis requires
to have coupled set of points, i.e. the same points in two spaces, meaning that we have

to project predicted presences Y¢ or observed presences Y onto Qfng] or Q[ODX 3] bases:

Yfszg x3] Y[gNg x D] Qfng} ’ (3)
Yf]ffg x3] Y[gNg x D] [Ost} ) (4)
ijé\yfoxa] = Y[ONO x D] Q[ngs} ’ (5)

F](\)fox?;] = Y[ONOXD]Q[ODXS]’ (6)

with Y9, Y% Y and Y being illustrated in Fig. 3b, 3c, 3d, and 3e respectively. Once
we have the same sites in two hyperspaces (for example the predicted presences Y99 and
Y9°), the co-inertia analysis maximizes the square covariance between the projection of
Y9 on the vector maximizing its proper inertia and the projection Y9 on its own vector
corresponding to maximal inertia, meaning that the co-inertia between two hyperspaces
is the sum of squares of the covariances between all the variable pairs (Fig. 3f). Our score
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is finally defined as the normalized co-inertia or RV-coefficient, based either on predicted
presences:
Co-inertia (Y99,Y9)

RVg — )
v/Inertia (Y99) Inertia (Y9°)

(7)
or on observed presences (Fig. 3g):

Co-inertia (Y%,Y )

RV, = .
V/Inertia (Y°9) Inertia (Y°)

(8)

It is important to mention here that values IV, and N, are reduced through the random
sampling to the same value (sample size) before calculating RV, or RV, coefficients.

These two coefficients which are from now considered as the two facets of the new
score are proportional to the illustrated distance between the points from two clouds (or
one cloud in two spaces) we can observe in Fig. 3f and 3g, and represent finally the
measure of similarity between the cloud of modeled presences and the cloud of observed
presences.

It is significant to state that these two coefficients are suited to depict the similarity
evoked above in case of a deterministic model (output does not change if the input does
not change either), as it is the case with the vast majority of models in three target
groups evoked in the introduction: statistical models, process-based models and mixed
models. Considering stochastic models (output can change even if the input does not
change) would require a certain adaptation of the presented framework-score couple.

5 Application to climate-dependent forest models

To assess the relevance of the proposed framework and score, we now apply them
to two different examples of binary classifiers used in the forest management - climate
dependent tree species distribution models, as well as to the prototype binary classifier
which is specifically designed for this section. The results thus obtained are compared
with those obtained with two commonly used goodness-of-fit scores, namely Cohen’s
kappa coefficient (Cohen, 1960) and the True Skill Statistic (TSS) (Alluuhe et al., 2006).

5.1 Multi-scale comparison of scores with IKS model

IKS is a tree species distribution model (RMT-Aforce, 2022), resembling quite a bit
the prototype binary classifier designed for the illustration of the framework and the score
(Sections 3 and 4). Namely, the IKS output variable is the species occurrence, which is
predicted from three external variables only: annual water deficit (mm), annual sum of
degree-days (°C') and minimum annual temperature (°C'), or more precisely the normal
temperature of the coldest month. Given the difference in units, all the inputs are nor-
malized to the range [0, 1] through the ”MinMax” scaling - ¥¢.,;.q = (v ¥imin)/ (yuar—t50sn )-

It can be used to model the presence of 61 difference species - here we apply it
to European beech (Fagus sylvatica). Moreover, the French national forest inventory
provided us with observations on species occurrence which can be used as a reference
dataset. The species distribution model IKS for European beech can be analyzed at the
scale of France, but by compiling observations from the forest inventories of the different
European countries (Mauri et al., 2017) or by splitting the observations of the French

10
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Figure 4: IKS model evaluation for European beech at three scales (Europe, France,
French ecological regions): (a) RV, coefficient of the proposed score, (b) RV, coefficient
of the proposed score, (¢) Cohen’s kappa coefficient (CK) , (d) True Skill Statistic (TSS),
(e) number of observations by region, (f) Pearson correlation matrix between the different
scores at the regional scale and number of observations, where correlation is computed
across different scales and regions.

forest inventory across ecological regions, it can also be analyzed at the continental (i.e.
over the entire range of European beech) and regional levels.

The two coefficients RV, and RV, that compose our score have a high value at the
continental scale (Fig. 4a and b). Because the IKS model was calibrated using the
European dataset, this high score is expected and reflects the amplitude of the gradients of
climatic variables and the corresponding amplitude of the beech response at the European
scale. High values of the RV coefficients were also obtained at the scale of France due to
the good environmental representativity of France for this tree species. However, when
scaling down to the regional level, the RV, and RV, values vary with ecological regions,
showing that the model calibrated at the continental scale may not explain properly the
phase space dynamics locally. The RV values at the regional scale are not significantly
correlated with the number observations by region (Fig. 4e and 4f).

Cohen’s kappa coefficient and the True Skill Statistic (TSS) bring quite different
results (Fig. 4c and d). Cohen’s kappa coefficient is weak at all scales, including the
European one despite the calibration of the model at this scale, indicating its low utility
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within the proposed framework. TSS shows an interesting behavior which is somehow
opposite to the one observed with the new score in terms of scale dependence. Namely,
the statistic is rather good at the European scale, slightly worse at the French one, and
very good at the regional scale, varying to a certain extent among regions. This can
be partly explained by the dependence of the TSS on the ratio between presences and
absences in the observations (prevalence), which can become important with the decrease
in the number of observations (Somodi et al., 2017).

5.2 Scores comparison with a prototype binary classifier model

In order to demonstrate the difference between the proposed score and conventional
ones in a controlled setting, we also relied on a prototype binary classifier model. This
prototype is slightly different from the one conceived for the purpose of illustration of
the approach, because in this controlled setting, the true probability of presence of the
species is envisaged as a weighted product of the species ecological potential and of a
human modifier. The ecological potential is defined as the product of three environmental
variables that are conceptualized as three simple spatial gradients (horizontal, vertical
and diagonal; Fig. 5a—c). The human modifier corresponds to an area where trees are
planted by humans. It is equal to one in a square located at the maximum of the ecological
potential and zero elsewhere. Observations of species occurrence are simulated according
to a binomial law using the true probability of presence and four different weightings of
the ecological potential and of the human modifier: in scenario I, the human modifier has
a null weight and the true probability of presence of the species is entirely determined by
its ecological potential (Fig. 5d); scenarios II to IV correspond to an increasing weight
of the human modifier (Fig. 5e-g).

The model analyzed is similar to IKS in the sense that it is based on the three
environmental variables only and provides the species presence as output. The model
is supposed to exactly capture the ecological potential of the species but ignores the
human modifier. In other words, scenarios I to IV correspond to an increasing divergence
between the modeled probability of presence and the true one. If the three environmental
variables are denoted as y§, y5, y5 (no need for scaling), the model prediction thus is:
9 = 1(y§ x y§ x y§ > u), where 1(p) is the indicator function of proposition p (= 1 if
p is true and 0 otherwise) and u is a threshold. Three model realizations corresponding
to three increasing value of u are considered (see Fig. 5h, j and 1 for the maps of their
predictions).

Conventional scores like Cohen’s kappa and TSS are found to be sensitive to the
threshold value u (compare Fig. 5i, k and m for a given scenario I-1V). In contrast, the
two RV coeflicients of the proposed score are almost independent of the threshold value
u. This result confirms that conventional scores are sensitive to the spatial distribution
of the predicted presence (the red area in Fig. 5h, j, 1), whereas the proposed ones, which
focus on the correlation between environmental variables where the species is present,
are less sensitive to the correspondence between the map of predicted presences and
the map of observed ones. Area under the Curve (AUC) (Hanley and McNeil, 1982),
the score we adjoin here to the analysis shows a similar behavior, which is neither very
surprising considering that this score can only compare the non-thresholded probability
of predicted presence, implying its independence to the threshold value. The AUC score
was not employed in the previous chapter for precisely this reason, in view of the fact
that the IKS model does not provide the probability of presence.
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Figure 5: Evaluation of a prototype binary classifier model in a controlled setting: (a)-
(c) simulated environmental variables,; (d)-(g) observations randomly drawn from a true
probability of presence that combines the environmental variables and a human modifier,
with an increasing weight of the later from left to right (scenario I to IV), (h) optimistic
model predictions of the species occurrence, (i) evaluation scores of the optimistic model
depending on the scenario for the probability of presence, (j) neutral model predictions of
the species occurrence, (k) evaluation scores of the neutral model, (1) pessimistic model
predictions of the species occurrence, (m) evaluation scores of the pessimistic model.
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Figure 6: Inter-model comparison bewteen IKS (panels a—c) and DIGI-SDM (panels d—f)
for white fir (Abies alba) in France: (a) and (d) predicted species presences in the space
of model external variables, (b) and (e) observed species presences in the space of model
external variables, (c) principal components of the cloud of points shown in (a) (depicted
here in blue) and (b) (depicted here in red), (f) principal components of the cloud of
points shown in (d) (depicted here in blue) and (e) (depicted here in red).

The greatest potential advantage of the new score can be observed if we focus on
the difference between scores as a function of the observation scenario. Cohen’s kappa
coefficient and TSS are also found to be sensitive to the observation scenario - whose dif-
ferent realizations translate different “human-induced” divergences between the modeled
probability of presence and the true one (shown as lines in Fig. 5i, k and m). In contrast,
the two RV coeflicients of the proposed score are almost independent of the latter.

5.3 Inter-model comparison

We finally revert to our initial question of confronting the capability of two models
to predict the impact of the climate on the forest, which motivated the development of
the new framework for model evaluation and the new score for point cloud similarity.
We illustrate the approach with two tree species distribution models applied to white
fir (Abies alba) in France. One of these models is IKS. The other one is the DIGI-SDM
model by Piedallu et al. (2016). Like IKS, DIGI-SDM depends exclusively on external
variables, out of which only: mean annual temperature 1961-1990 (°C'), summer soil water
deficit 1961-1990 (mm) and nitrogen supply (C/N - Carbon / Nitrogen ratio) appear to
be pertinent in case of white fir. The input variables are normalized to the range [0, 1].
Its output is the probability of presence of the species that is then converted into an
occurrence by comparing it to a threshold probability value (Liu et al., 2005).

Following the same steps as before, we first project the predicted presences for each
model in their respective space of external variables (Fig. 6a and d). Secondly, we project
the observed presences issuing from the data of the national forest inventory (Strona et al.,
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Figure 7: Inter-model comparison between IKS (panels b—e) and DIGI-SDM (panels f-)
for white fir (Abies alba) at two scales which are France and its ecological regions: (a)
number of observations by ecological region, (b) and (f) RV, score, (c) and (g) RV, score,
(d) and (h) Cohen’s kappa coefficient, (e) and (i) True Skill Statistic.

2016) to these two different spaces (Fig. 6b and e), allowing us to have a first view of the
concordance between the two pairs of clouds after applying the PCA (Fig. 6¢ and f).

However, the real added value of the proposed approach comes from the RV coefficients
at the different geographical scales (Fig. 7). Unlike Cohen’s kappa coefficient which
appears to make almost no difference between the two models, despite the non-negligible
difference in the external variables they rely on, the TSS and the two RV coefficients of
the newly proposed score unveil some differences. As already noticed and commented
(prevalence) in Section 5.1, the TSS score mostly increases as we scale down to the
regional level.

As for the new score, despite a high value at the national scale (which is the scale
at which DIGI-SDM was calibrated and IKS, as explained in section 5.1, maintains the
properties of the calibration at the European level), values vary substantially between
regions, and not in the same fashion for the two models.

For example, IKS shows significantly higher score for white fir in the region corre-
sponding to the Massif Central (south-central France), suggesting that the IKS combina-
tion of environmental variables (annual: water deficit, sum of degree-days and minimum
temperature) represents a good proxy for the complexity of natural dimensions influ-
encing the white fir distribution in this region. Combination of environmental variables
retained by DIGI-SDM (mean annual temperature 1961-1990, summer soil water deficit
1961-1990 and nitrogen supply) is on the other side not sufficient to replicate the natural
tendency in this region, and at this scale. The opposite example is the region correspond-
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ing to Jura Mountains (French-Swiss border) where environmental variables selected by
DIGI-SDM appear to be almost a perfect proxy for the natural complexity impacting the
distribution of the species in question.

This possibly indicates that the modeling approach and the choice of the external
variables can be more or less relevant depending on the scale, and depending on the
ecological regions too. Coming back to the bottom line motivation of our work, the
adaptation decisions should not be based on one model only.

This section is also somehow mostly focusing on the advantages and features of the
new score compared to conventional ones as Cohen’s Kappa coefficient or T'SS, commonly
employed in the field of forest modeling. This is due to the conviction of the authors that
by being based on the evaluation of the phase space behavior, the score we propose should
be, unlike the evoked reference ones, less sensitive on the human decisional impact, i.e.
on the human decision to plant/keep the species or not, the latter being an important
challenge in the community of forest modelers and managers. It should therefore bet-
ter reflect the capability of model to reproduce the essential natural tendency, i.e. the
ecological potential.

6 Conclusion and perspectives

In this article we presented a new framework, containing a new score, for the compar-
ative analysis of forest models integrating the impact of external climatic variables. This
framework addresses the most general case of disjointed phase spaces between models,
reducing the comparison to the evaluation of the predicted vs. observed presences in the
space of external variables of each of the models. The evaluation itself is performed using
a score that combines principal component and co-inertia analyses. This score provides a
measure of the pertinence of the dynamics of a model as opposed to the one of observa-
tions projected to the space of variables of the former. The added value of the approach
is illustrated using prototype binary classifier models designed for this purpose, but also
using a multi-scale evaluation as well as a multi-scale comparison of two binary classifier
models used in the forest management - tree species distribution models.

The most obvious perspective of this work would be the analytical exercise of com-
paring the multitude of forest models sensitive to climatic parameters, both statistical
and process-based ones, and trying to interpret the differences assessed by the proposed
approach. The most ambitious perspective would be to build upon the presented an-
alytical approach a consensus method which would combine information coming from
different models at multiple scales (Picard et al., 2012), assuring that forest adaptation
measures are based on the best of our knowledge to predict natural processes. The pre-
sented framework and score could be also adapted and exploited by modelers during the
model development process, e.g. to check the relevance of the variables considered, or to
compare different sets of environmental variable (e.g. climate variables issuing from dif-
ferent climate models). We as well believe that the presented contribution has a certain
universality and can be thus used in domains other than the forest modeling.
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