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A B S T R A C T   

The proper choice of the tree species to be grown in a specific forest site requires a good knowledge of the tree 
species autecology and a comprehensive description of the local environmental conditions. In Belgium (Western 
Europe), ecological forest site are classified according to three major gradients: climate, soil nutrient (fertility) 
and soil moisture regimes. Understory indicator species are used by practitioners to determine nutrient and 
moisture regimes, but requires a significant expertise of forest ecosystems. The present work aims in a first 
instance at modelling the nutrient and moisture regimes based on species composition. Secondly, a practical 
decision support tool is developped and made available in order to predict forest nutrient and moisture regime 
starting from a floristic relevé. To do so, we collected floristic relevés representing understory vegetation di-
versity in Belgium and covering all the nutrient and moisture gradient. The combination of soil and topographic 
measurements with the indicator plants presence/absence support forest scientists in inferring a nutrient and 
moisture regime to each relevé. The resulting dataset was balanced along the different nutrient or moisture 
regimes and Random Forest classification models were trained in order to predict the forest site characteristic 
from indicator species presence (or absence). One model was fitted for the prediction of the nutrient regime, 
exclusively based on the floristic information. A second one was trained to classify the moisture regime. Accurate 
predictions confirms the appropriate use of indicator species for the Belgian forest site classification. The two 
models are intregrated in a web application dedicated to forest practionners. This website enables the automatic 
determination of nutrient and moisture regimes from the species list of a floristic relevé.   

1. Introduction 

Indicator species are commonly used to characterise a forest site 
(climate, topography and soil) (Bartoli et al., 2000; Gégout et al., 2003; 
Gégout et al., 2005; Pinto et al., 2016), which is of great interest to forest 
practitioners, and for a long time, understory vegetation have played a 
fundamental role in many forest site classifications (Cajander, 1909; 
Braun-Blanquet, 1928; Wilson et al., 2001; Bergès et al., 2006). 
Recently, like almost all forest sciences, phytosociology have benefited 
from the widespread use of Geographical Information Systems (Biondi, 
2011) and from the constitution of large vegetation plots databases 
(Douda et al., 2016; Chytry ̀ et al., 2016). On the one hand, geographic 
layers describing the environmental conditions have supported the 
representation of forest site at the scale of entire regions (Van der Perre 
et al., 2015). On the other hand, applied phytosociology have been used 
to map forest habitats (Noirfalise, 1984) and to develop the Natura 2000 

conservation network (european Habitats Directive 92/43/EEC) across 
Europe (Biondi, 2011). Besides, GIS analyses support the modelization 
of species distribution (Coudun et al., 2006; Coudun and Gégout, 2007), 
as well as floristic association distribution maps (Fayolle et al., 2014). 
Beyond the characterization of forest site with bioindicator, dynamic of 
the succession of vegetation association is also of great help for assessing 
the state of ancienticy, restauration or ecological integrity of forest 
ecosystem (Carignan and Villard, 2002; Baeten et al., 2009; Verstraeten 
et al., 2013). Traditionnaly, the autecology of indicator species is 
described through indicator value arbitrarily defined by experts (Die-
kmann, 2003). Ellenberg published in 1974 a famous list of indicator 
values (Ellenberg, 1974), which since has been extensively used and 
adapted in many temperate countries. In Ellenberg ’s approach, envi-
ronmental conditions are summarized by seven gradients, that include 
soil moisture and soil acidity, and every indicator species is assigned a 
value between one and nine representing the position of its ecological 
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optimum. Positionning a forest site on an environmental gradient is 
carried out rather simply by computing the average of all indicator 
values of the present species (Bartoli et al., 2000; Wilson et al., 2001). In 
Belgium, Noirfalise made its own list of indicator values (Noirfalise, 
1984). In France, Rameau et al. (1989) later described the ecological 
niche with a two-dimentionnal graphical representation of the forest 
sites. Environmental conditions are summarized by a moisture-acidity 
matrix, the ecogram, in which the ecological niche is drawn for every 
single species. Different indicator species occupying the same niche on 
the ecogram are commonly grouped in ecological groups (Noirfalise, 
1984; Rameau et al., 1989; Duvigneaud, 1946; Godart, 1989) which are 
more operationnal than species separately. In the Wallon region 
(southern Belgium), many dedicated decision-support tools are avail-
able to forest managers. Indeed, at the scale of the entire region, rep-
resenting 17 000 square kilometers, the environmental conditions 
(climate, soil and topography) of forest site have been studied for a long 
time. Mapping of the soil properties has been carried out between 1950 
and 1990. In average, two hand augering per hectare were performed, 
plus multiple additionnal field observations that were reported on 1:20 
000 maps, which were subsequently digitalized (Legrain et al., 2014). 
Furthermore, the topography has been finely described by a digital 
terrain model issued from an aerial laser survey (LiDAR) realized in 
2013 and 2014. Eventually, ten different bioclimatic areas which cover 
the 550 000 ha of forested land have been defined (Van der Perre et al., 
2015). Forest scientists have thus a considerable documentation of forest 
environmental conditions at a regional scale, all being available in the 
form of geographical information layers. In parallel, forest practitioners 
have setted up a field-based methodology to determine the ability of 
forest tree species to form resilient and productive forest stands, while 
taking into account changes of both climate and society. A set of 
decision-making tools, named the forest trees autecology guide (Petit et al., 
2017), have been developped starting from 1984 by a consortium of 
universities. This toolbox (fichierecologique.be), updated in 2017 to 
include ecosystem services and global warming risks, has been struc-
tured in two parts. On the one hand, forest tree species autecology has 
been gathered and synthetized in technical documents. On the other 
hand, a forest site classification has been proposed, along with identi-
fication keys that support the determination of any forest site based on 
field measurements (understory vegetation or soil information). This 
forest site classification consists in a systematic breakdown of the three 
predominant ecological factors that impact forest tree development: 
climate, nutrient and moisture gradients (see Pyatt, 1995; Wilson et al., 
2001 for a similar work in Great Britain). Climate conditions are known 
through the ten bioclimatic areas of Wallonia (Van der Perre et al., 
2015). The nutrient gradient, split in six regimes from hyperacidic to 
carbonated forest soils, and the moisture gradient, divided into ten re-
gimes, are represented side by side in a two dimensionnal table, the 
ecogram matrix (Fig. 1). Each forest tree species autecology is repre-
sentated in the ecogram by colored fitness classes reflecting the species 
equilibrium with its environment and in particular its capacity to pro-
duce quality wood. The nutrient regime varies from − 3 to +2, with 
hyper-oligotrophic soil (− 3 NR) and different degrees of oligotrophic 
soils (− 2 and − 1), mesotrophic soils with a balanced nutrient supply (0 
NR), with virtually no restriction for forest tree growth, eutrophic (+1 
NR)) and carbonated (+2 NR) soils with an excess of calcium carbonates 
following an increasing risk of low and imbalanced nutrient supply. 
Along with the nutrient gradient, the pH of the 0–20 cm soil layer (A- 
horizon) varies from less than 3.8 (− 3 NR) to more than 7.5 (+2 NR). 
The pH value reflects the soil nutrient supply and has therefore a central 
role in the abiotic identification key for nutrient regimes (Gégout et al., 
2003). Among the other soil characteristics that are required in the 
process of nutrient regime determination, there are the soil depth, the 
presence or absence of podzolic profile, of calcareous bedrock and of 
alluvial or colluvial sediments. Besides, an HCl test is performed on fine 
soil particles if any active calcium carbonates is suspected. Concerning 
the moisture regimes, it is a comprehensive combination of two distinct 

but interrelated gradients: water and oxygen availability. Ten regimes 
depict the moisture gradient (y-axis), ranging from − 4 MR to +5 MR 
(Fig. 1). Moisture regimes with positive value (+1 to +5) represent sites 
with a lack of water and negative MR are representative of forest sites 
with an excess of water implying a lack of oxygen (hypoxia). Moisture 
regime 0 represent soil with a constant and proper oxygen and water 
supply: neither too dry nor too wet. The determination of moisture 
regime by means of the abiotic identification key requires soil (texture, 
depth, gleyic coloration) and topographic information (thermal sector 
and water supply from lateral flow). Thus, forest site classification in 
Wallonia is structured, for a specific bioclimatic area, by the combina-
tion of nutrient and moisture regimes. Until now, nutrient and moisture 
regimes have been mostly determined by the use of identification keys 
which are based on abiotic information, e.g., soil depth, soil gran-
ulometry, hydromorphic indices, stone content, pH and topographic 
position of the forest site. However, the inference from understory in-
dicator species has recently reached a state of operationnal development 
(Claessens et al., 2021). Indeed, the concept of ecological groups (indi-
cator plant groups) used for a long times in Belgium (Duvigneaud, 1946; 
Noirfalise, 1984; Godart, 1989) have been revised and the ecological 
niche of each ecological group has been modelled in the ecogram matrix. 
The new classification of 223 understory indicator species into 32 
ecological groups (Claessens et al., 2021) includes floristic identification 
keys that enable one to determine nutrient and moisture regime starting 
from a vegetation relevé. As the prediction of moisture regimes from 
indicator species gives results that are not fine enough to comply with all 
the ten distinct moisture regimes, further grouping has been realized 
resulting into four new moisture regimes: dry forest site (+5,+4 and +3 
MR), mesic (+2 and +1 MR), fresh (0 and − 1 MR) and humid or marshy 
forest sites (− 2, − 3 and − 4 MR). Although the choice of indicator spe-
cies and the definition of ecological groups have benefited from statis-
tical analysis, they are ultimately the result of an extensive expertise of 

Fig. 1. Forest site classification with the ecogram, with nutrient regime as x- 
axis and moisture regime as y-axis. On the left: the ecogram with the trophic 
gradient is illustrated. The green line indicates forest sites featured by perfect 
nutrient availability. The red arrow shows the acidity gradient, with − 3 
nutrient regime corresponding to the hyper-oligotrophic (or hyperacidic) soil. 
In contrast, the orange arrow indicates the carbonate gradient, ending on forest 
sites featured by nutrient imbalance due to an excess of calcium carbonates. On 
the right, the ecogram matrix with moisture gradient is illustrated. The green 
line represents forest sites with good water and oxygen availability, in other 
words forest sites without water supply restrictions. The yellow arrow indicates 
the lack of water gradient, with very dry forest sites on the top of the ecogram. 
The blue arrow indicates the lack of oxygen availability, due to an excess of 
water in the soil. 
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forest ecosystems. 
Determining forest nutrient and moisture regimes from a vegetation 

survey still requires a significant level of botanical expertise and 
knowledge of species ecology. This applied research aims at replacing 
part of this expertise by artificial intelligence, through the use of random 
forest classification algorithms. First, we gather and harmonize thou-
sands of georeferenced floristic relevés from various vegetation surveys 
in order to cover the nutrient and moisture gradients. We determine the 
nutrient and moisture regimes from geographic information systems and 
we conduct an expert-based verification. Second, we train two random 
forest classifiers in order to predict the six nutrient regimes and the four 
moisture regimes separately. Both models mimic the expertise of the 
phytosociologist using exclusively the presence of indicator species as 
explanatory variables. Third, we release a dedicated web application 
integrating these models, which supports the encoding and reporting of 
vegetation data in order to facilitate and promote the use of indicator 
species for the determination of forest site. 

2. Materials and methods 

2.1. Study area and environmental layers 

The study area corresponds to the south part of Belgium, i.e., Wal-
lonia. The Digital Soil Map of Wallonia and the LiDAR Digital Terrain 
Model offer a proper description of forest site accross the study area. 
Although abiotic identification keys that discriminate moisture and 
nutrient regimes were primarily designed for a use in the field, they have 
been automated for a use in GIS analysis (Wampach et al., 2017). The 
goal was to produce maps of nutrient and moisture regimes that cover 
the whole region, which will be used for the attribution of a moisture 
and nutrient regime to each georeferenced vegetation relevé. First, 
forest site topographic description has been modelled from the Digital 
Terrain Model. An appropriate use of multiple topographic position in-
dexes, slope and radiation indexes, all of them computed from the digital 
terrain model, enabled to discrimitate the three global radiation sectors 
required for the determination of the moisture regimes (cold north-east 
facing slope, warm south-west facing slope and neutral sites) (Wampach 
et al., 2017). Secondly, the occasional supply of water from lateral water 
flow was modelled and computed. Lateral water supplies and radiation 
sectors were then complementarily used with the soil description of the 
Digital Soil Map of Wallonia in order to determine the moisture regime 
at every location in Wallonia. Mapping of the nutrient regimes, in con-
strast, was not easily realized: the nutrient status depends on chemical 
processes for which the few observations we had were not compatible 
with the goal of generating an accurate map of the entire region. This is 
why it has been hypothetized that a nutrient regime could be deter-
mined for a georeferenced relevé only if a field or laboratory pH mea-
surement of the top soil layer has been performed. 

2.2. Forest understory vegetation relevés 

2.2.1. Compilation of relevés 
We combined relevés of forest understory vegetation accross Wal-

lonia, including a few large vegetation surveys (> 500 relevés) that were 
complemented with additional surveys (∼ 100 relevés) targeting un-
derrepresented environemental conditions. As two environmental gra-
dients are studied separately (nutrient and moisture regimes), two 
distinct floristic databases have been set up. In comparison to the 
moisture floristic database, the nutrient floristic database contains a 
smaller number of relevés, those associated with a soil pH measurement 
(Table 1). The common methodology of the floristic relevé consisted in 
the identification of all understorey vascular plants in a homogenous 
forest site. In most of the surveys, the sampled area was not strictly 
delimitated, but the relevé was stopped when no new species were found 
and identified. Species were inventoried in three vegetation layers: herb, 
shrub (maximum heigth of 3 meters) and tree layers and ground cover 

fraction was estimated using the Braun-Blanquet cover-abundance scale 
(Braun-Blanquet, 1932). For the prediction of forest site, only herb and 
shrub layers were used, as composition of the forest stands are not 
necessary natural vegetation that reflect the environmental conditions, 
depending on forest management, and only species presence (or 
absence) are considered, as cover estimation from historical and recent 
relevés surveyed by different person are not necessarily comparable 
(Diekmann, 2003). 

A total of 2055 vegetation plots (relevés) were collected from a dozen 
of different vegetation surveys (Table 1) to cover the nutrient gradient. 
In order to support forest experts in the process of determining the 
nutrient regime of every sample plot, only relevés for which a pH 
measure has been performed are used. Two surveys have made a pre-
dominant contribution. The first one is the vegetation survey realized by 
the regional forest inventory (Sanchez et al., 2007). The regional forest 
inventory uses a systematic sampling scheme, with a rectangle grid of 
1000 meters of west-east side and 500 meters of sourth-north side. 
Permanent sample plots are setted up on each point of the spatial grid 
which are located in a forested zone. Vegetation relevés are performed 
for trees and understorey plants on circular plot of 12 meters radius in 
order to characterise forest biodiversity and habitat (Sanchez et al., 
2007). A small fraction of these 11 000 forest sample plots are monitored 
by soil scientists. In addition to the traditionnal field soil survey by hand- 
augering, laboratory measurements are carried out for some soil pa-
rameters, including pH. Thus, pH measurements for 847 floristic relevés 
were collected. Due to the systematic sampling approach, these surveys 
adequately cover the Walloon surface. Unfortunately, vegetation relevés 
are strongly imbalanced along the nutrient gradient, as 68% of Walloon 
forest sites are oligotrophic or meso-oligotrophic (− 2 and − 1 nutrient 
regime), typically featured in a shale bedrock context. The second pre-
dominant vegetation survey that has been gathered was issued from the 
phytosociological mapping research center. This former research lab has 
been active from 1948 to 1978 under the direction of Noirfalise 

Table 1 
Vegetation surveys gathered in two databases, one devoted to nutrient regime 
(NR) analysis and the second for moisture regime (MR). Figures represents the 
number of utilized relevés.  

Surveys NR MR Description Reference 

Regional permanent 
forest inventory 

847 6771 Systematic 
sampling (south 
Belgium) 

(Sanchez et al., 
2007) 

Phytosociological 
mapping center 

615 2576 All vegetation 
types in Belgium 

(Noirfalise, 1984) 

Belgian Natura 2000 
network  

522 European Habitats 
Directive 92/43/ 
EEC  

Tournibus forest 139  Handles local 
variations in NR 

(Van Calster 
et al., 2008) 

Flanders (North of 
Belgium) 

82  Sandy soil, Atlantic 
climate – no 
georeferencing 

(Lameire et al., 
2000; Baeten 
et al., 2009; 
Baeten et al., 
2010) 

Gembloux Agro-Bio 
tech 

200 144 Mesotrophic, 
marshy and 
riverside forest site 

(Claessens et al., 
1999; Claessens 
et al., 2010)     
(De Jaegere et al., 
2016; Dubois 
et al., 2021) 

Additionnal relevés 
in carbonated soils 

135  Calcareous bedrock 
and shallow soils 
forest sites 

(Piqueray et al., 
2011)  

Total number of 
relevés 

2055 10 
013   

Number of species 798 826   
Number of species 

(⩾5 occ.) 
443 588    
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(Noirfalise, 1984), which has been of major importance for the devel-
opment of vegetation association maps in Wallonia. The set of relevé 
samples from the phytosociological mapping research center covers very 
well the nutrient gradient, as particular attention has been made on 
sampling all different vegetation and forest sites. This vegetation survey 
has been carried out by phytosociologists in optimal phenological con-
ditions: during spring or at the beginning of summer, when the under-
story vegetation is well developped. Topsoil water pH measurements 
have been performed on the 0–20 cm soil layer (A-horizon), mainly on 
the field, by means of Hellige pH meter (McCoy and Donohue, 1979), for 
a total of 615 vegetation plots. Eventually, additionnal relevés per-
formed in Flanders, in calcareous forest sites and in mesotrophic sites 
were integrated in the nutrient floristic database (Table 1) in order to 
cover the best all the nutrient gradient. 

Once the standardization and compilation of the nutrient set of rel-
evés has been finalized, nutrient regimes were automatically determined 
based on the combination of GIS-derived edaphic information and field 
pH measurement. In the special case of relevés from the North of 
Belgium for which the exact geographic position is not known, field 
edaphic observations replace the GIS-derived information. The process 
of assigning a nutrient regime to a vegetation plot is performed ac-
cording to the edaphic identification key for nutrient regime. In com-
parison with the nutrient dataset, an extensive number of relevés was 
compiled to cover the moisture gradient, as shown in Table 1. Indeed, 
considering the hypothesis that GIS-extracted informations are sufficient 
for the prior determination of the moisture regime, the sole required 
information apart from the vegetation relevé itself is the geographic 
coordinates of the plot. First, all the 6771 relevés from the regional 
forest inventory were collected. Secondly, 2576 plots issued from the 
former phytosociological mapping research center surveys were added. 
Thirdly, field surveys that were made prior to the definition of Natura 
2000 zones in Belgium were collected. Eventually, 144 relevés from 
marshy or riverside forests from Claessens et al. (2010) have filled in the 
moisture floristic dataset in order to properly represent humid forest 
sites. Then, extraction of moisture regime from geograpic layers have 
been performed for each sample plot. The resulting comprehensive 
floristic database contains 10,013 relevés, all of them associated with 
site moisture (MR). All the vegetation communities of Wallonia were 
well represented in this extensive dataset. 

2.2.2. Expert-based verification and determination of nutrient and moisture 
regimes 

For both the nutrient and the moisture floristic databases, a carefull 
inspection was made by a phytosociological expert to control the con-
sistency of the relevé association with the nutrient or moisture regimes 
(Fig. 2). Considering the high number of vegetation relevés (2055 for the 
nutrient regime and 10,013 relevés for the moisture regime), a specific 
graphical user interface and processing application has been developped 
(in C++). This application was developped to track relevés with a high 
likelihood of presenting a poor fit between species presence and a 
determined forest site (combination of nutrient and moisture regime). 
For example, the calcareaous ecological group of Bear’s Garlic (Allium 
ursinum) is never present on oligotrophic site and only exeptionnaly on 
meso-oligotrophic site (ecological group has the name of its most 
representative indicator plant). All relevés with the presence of Bear’s 
Garlic ecological group on a nutrient regime of − 3 (hyper-oligotrophic) 
or − 2 (oligotrophic) were easily identified and a proper nutrient regime 
was deduced by the expert on the basis of indicator species presence. For 
the nutrient database, every single relevé was checked by an expert. For 
the moisture database, verification was performed only for outliers (e.g 
relevés classified as humid but with the presence of xerophilous species). 
The detection of suspicious relevés was also facilitated by the use of a 
first set of random forest models. 

2.3. Automatic classification of forest site from indicator species 

We used non-parametric approach of Random Forest algorithms to 
model moisture and nutrient regimes of the relevés. Random Forest is a 
supervised method of classification that has gained prominence in 
ecology (Prasad et al., 2006; Cutler et al., 2007). The Random Forest 
method has proven its efficiency in managing high dimensional prob-
lems (Genuer et al., 2010) and consists in a collection of Classification 
and Regression Trees (CARTs) (Breiman et al., 2017). Individual clas-
sification trees are trained on a bootstrap sample of floristic and forest 
site observations by randomly selecting a subset of explanatory variables 
(presence/absence of plants) at each node. All the decision trees do not 
predict the same class (NR or MR), due to the sampling of both the in-bag 
samples (floristic observations used for training the decision tree) and of 
the explanatory variables used at each tree nodes. Prediction from a 
Random Forest corresponds to the aggregation of different individual 
tree predictions. For example, each of the six nutrient regimes received 
thus a certain number of votes, with one vote corresponding to the 
prediction of one decision tree for this regime. The nutrient regimes 
which received the highest number of votes is the most probable one. 
Out-of-bag error is a prediction error estimate, based on the out-of-bag 
sample. This sample corresponds to a set of observations which are 
not used to build the current individual decision trees (Genuer et al., 
2010). This classification performance was used as a quality measure-
ment for the nutrient and moisture regimes prediction. 

Random Forest are subject to severe overfit (Evans et al., 2011): an 
exagerated fitting of the training dataset, along with a poor performance 
in practical application. In order to reduce overfitting, a two-step 
approach of data augmentation and balancing was implemented 
(Fig. 3). Data augmentation is a technique used to increase the number 
of observations of a dataset. A preliminary inspection of the floristic 
relevés have revealed that most of them present a high number of 
different undestorey species. Half of the relevés from the nutrient 
database present at least 24 understory plants, including minimum 13 
indicators species. For comparison, Hawkes et al. (1997) consider that 
half a dozen indicator species is sufficient for providing a sound 
description of the forest site. We thus artificially decreased the 
completeness of the training set by sampling indicator species of relevés. 
Subsampled (truncated) floristic relevés were computed and added to the 
training dataset. The subsampling was applied exclusively on floristic 
relevés including more than four different ecological groups to create 
truncated relevés of three ecological groups. Three ecological groups 
seem indeed to be a proper minimum number for a correct prediction of 
the forest site, considering that most of relevés in hyper-oligotrophic 
contains only two or three different hyper-acidophiles ecologigal 
groups1. To this end, a large relevé was artificially broken down in a 
certain number of truncated relevés. First of all, a list of ecological 
groups present in the raw relevé was prepared. Three ecological groups 
were then allocated to a first truncated relevé, by random selection and 
retrieval from this list. All the indicator species of the raw relevé related 
to these ecological groups were utilized to create this truncated relevé. If 
the list of remaining ecological groups contained more than four 
ecological groups, another truncated relevé was generated the same 
way, and so on. The complete training dataset contained thus the raw 
relevés plus all the subsampled relevés. Eventually, data balancing was 
realized in order to balance the number of relevés amongs nutrient and 
moisture regimes. The same numbers of relevés for the six nutrient re-
gimes (n = 500) and for the four moisture regimes (n = 2000) were 
randomly selected (with replacement) from the dataset prior to model 
training. An ordination was performed in order to check the represen-
tativeness of the floristic database after data augmentation and 
balancing. The projection of species scores on the ordination axes also 

1 Ecological groups of blueberry (Vaccinium myrtillus), whirtleberry (Molinia 
caerulea), Purple Moor-grass and sphagnum mosses 
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Fig. 2. Preparation of vegetation and forest 
site datasets. Upper part: setting up data for 
nutrient regimes. Understory vegetation 
surveys were compiled in order to cover at 
the best the nutrient gradient. Vegetation 
sample plots were kept only if they are 
localized and if a measure of soil pH has been 
performed (field or laboratory measure-
ment). The nutrient regime was determined 
based on edaphic properties (known from 
GIS extraction) and soil pH measurement. An 
expert inferred an individual vegetation plot 
and performs, if required, a correction of the 
nutrient regime based on the presence of 
indicator plant and ecological groups. Lower 
part: preparation of the dataset for moisture 
regime. Different vegetation surveys were 
gathered in one database that properly 
covers the moisture gradient. Topographic 
and soil description geographic layers are 
used to determine the moisture regime of 
each plot and an expert carried out the 
verification and correction of the moisture 
regime based on the presence of indicator 
species.   

Fig. 3. Number of floristic relevés per nutrient regime (Upper part) and moisture regime (Lower part) after data augmentation and balancing. Upper part: 
compilation of multiple floristic inventories resulted in 2055 floristic samples (left histogram). Data augmentation created truncated relevés, displayed in the middle 
by grey rectangles. Then, data were balanced along the nutrient gradient (on the right) in order to sample 500 relevés per nutrient regime. Lower part: a total of 
10013 relevés were collected along the moisture gradient. Truncated relevés were generated (grey rectangles in the middle) and balancing was performed in order to 
keep 2000 relevés per moisture regimes. 
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allowed verifying the relevance of ecological groups. To do so, we per-
formed a correspondance analysis on the presence matrix of 262 un-
derstory species (with at least 100 occurences) in 12,068 relevés 
(nutrient and moisture floristic databases). 

A Random Forest classifier of 1000 decision trees was then trained on 
the presence/absence matrix (3000 relevés after data augmentation and 
balancing) in order to classify the six nutrient regimes. Similarly, 
another Random Forest classifier was trained on the presence/absence 
matrix (8000 relevés after data augmentation and balancing) in order to 
classify the four moisture regimes. We use the C++ version of the 
Random Forest software ranger (Wright and Ziegler, 2015). In addition 
to the presence/absence of the 223 indicator species, explanatory vari-
ables included also the presence/absence of the 32 ecological groups. 
Once a single indicator species of a specific ecological group is present, 
we consider that this ecological group is present in the relevé. Ecological 
group act thus as redundant but synthetic information about the pres-
ence of indicator species on a particular forest site, exactly the same way 
they are used by field foresters. 

In order to make these floristic-based classification of nutrient and 
moisture regimes available to all forest practitionners accross Wallonia, 
the two Random Forest algorithms have been implemented in a website 
( http://phytospy.gembloux.ulg.ac.be/) which includes a form to 
encode a floristic relevé, as well as a view of the predicted nutrient and 
moisture regimes in the hydro-trophic ecogram matrix. This website is 
free and exclusively developped from open-source C++ libraries, among 
which the web framework Wt library (Emweb, 2022). It presents the 32 
ecological groups of Belgium and includes a photo database for species 
description. 

3. Results 

3.1. Vegetation relevés along the nutrient and moisture gradients 

We have assembled a large database of vegetation relevés covering 
the variability of environmental conditions and plant association. To our 
knowledge, no previous research has led to an understory vegetation 
survey that covers all forest sites in Wallonia with associated abiotic 

variables. Especially considering the fact that some forest sites are 
extremely marginal in terms of surface. Indeed, calcareous forest sites 
(nutrient regime +2) in Wallonia represent only 0.8% of the forested 
area. Swampy forest soils, for their part (corresponding to a moisture 
regime of − 4) cover 1.8% of forest sites. Many understorey species are 
specific to these marginal environmental conditions. A huge number of 
relevés were collected: 2055 plots for the nutrient gradient, 10,013 for 
the moisture gradient (Fig. 3). Despite the balancing of floristic relevés 
among the six nutrient regimes or among the four moisture regimes, 
marginal forest sites are still largely underrepresented. For the nutrient 
gradient, only 60 relevés correspond to hyper-oligotrophic regime (− 3 
NR) and 93 to carbonated (calcareous) regime (+2 NR). In comparison, 
oligotrophic sites (− 2 NR) are predominant, with 754 relevés (Fig. 3) in 
accordance with their large distribution accross the region. For the 
moisture regime, the raw dataset is less imbalanced due to the initial 
grouping into four moisture regimes (dry, mesic, fresh and humid). We 
confidently suppose that the floristic variation is well represented in 
these diverse floristic samples. A correspondence analysis on all the 
relevés has been realized in order to investigate if nutrient and moisture 
gradients are properly covered (Fig. 4). The first ordination axis (4.0% 
variance explained) corresponds to the nutrient gradient, from the 
poorest regime (− 3 NR) with negative scores and up to the most 
calcareous regime (+2 NR) with positive scores. The second axis (3.3% 
variance explained) correspond to the moisture gradient from the most 
humid relevés with negative scores up to the driest relevés with positive 
scores. The second ordination axis shows grassland vegetation com-
munities with negative scores which correspond to relevés located on 
forest edge, featured by light-demanding plant species, e.g., Achillea 
millefolium, Plantago lanceolata and Trifolium pratense. The ordination 
also illustrates how the nutrient and moisture gradients are interde-
pendent in the south of Belgium: rich soils (+1 and +2 NR) are associ-
ated with a dry moisture regime. The dataset used for model training is 
represented on the ordination (Fig. 4) in orange for nutrient regime and 
in purple for moisture regime and illustrates the proper coverage of the 
floristic variation after data augmentation and balancing. Examination 
of species scores in the ordination space confirmed the relevance of 
ecological groups that are properly spreaded on the nutrient and 

Fig. 4. Axes 1 and 2 of floristic relevés ordination by correspondence analysis based on the presence of 262 understory species in 12068 relevés. Left figure shows 
positions of the relevés (in black, all relevés, in purple relevés that were used to train the moisture regime model and in orange relevés utilized for the nutrient regime 
model). Right figure illustrates the position of the species in red and the position of ecological groups (labelled with the first letter of the genius and the four first 
letters of the species.) 
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moisture gradient. For example, Blueberry (Vmyr on Fig. 4) with the 
most negative scores on the first ordination axis (nutrient gradient) is 
associated with an hyper-oligotrophic nutrient regime (− 3 NR), and 
Bear’s Garlic (Aursi) with positive score is associated with a carbonated 
nutrient regime (+2 NR). 

3.2. Prediction of the nutrient and moisture regimes 

Prediction of nutrient and moisture regimes exclusively from un-
derstory vegetation showed a fine performance. The overall out-of-bag 
error for the nutrient Random Forest fitted on the 3000 relevés after 
data augmentation and balancing was 29.7 %. It means that 29.7% of 
cross-validated relevés were misclassified by the model. The prediction 
model for the moisture regimes fitted on the 8000 relevés performed less 
well, with an overall out-of-bag which reached 44 %. 

Concerning the predictions of the nutrient regime from indicator 
species, the confusion matrix shows a good distribution of relevés on the 
diagonal (Table 2) confirming the good model quality. The excellent 
match for carbonated relevés was highlighted with 95% of proper 
automatic classification. The perfect fit for the hyper-oligotrophic site 
(− 3 NR) is interesting, but should be taken with caution as it could be a 
sign of model overfit. The classification of eutrophic sites (+1 NR) was 
complex. A total of 284 of the 500 eutrophic relevés were correctly 
classified (57%), and most of the confusions came from the similarities 
between carbonated (+2 NR) and eutrophic floristic species. Oligotro-
phic and meso-oligotrophic sites (− 2 and − 1 NR), for their part, were 
subject to slight confusion. A total of 91 meso-oligotrophic (− 1 NR) 
relevés were classified as oligotrophic (− 2 NR), and 82 oligotrophic 
samples were predicted as meso-oligotrophic forest site. Forest sites on 
mesotrophic soil (0 NR) presented the lowest performance because these 
conditions suit plenty of understorey plants: these conditions are 
optimal for a high variety of plants, resulting in a rich mix of neu-
trophilous and acidiclin indicator species. Many of indicator plants that 
thrive in this nutrient regime are present in meso-oligotrophic and 
eutrophic sites. 186 of the 500 mesotrophic (0 NR) relevés were 
correctly classified (37%). 30 % of 0 NR were predicted as meso- 
oligotrophic sites, and 24% as eutrophic soils. This classifier is pessi-
mistic about the forest site, as it tend to underestimated the nutrient 
regime quality. Preference is given to a model which is pessimistic and 
thus which does not predict easily an uncontrained forest site like the 
0 NR (mesotrophic). 

Concerning the prediction of the moisture regimes, the Random 
Forest (RF) model showed a lower performance, even though the 
grouping of moisture regimes intended to adress the problem of some-
how limited indicator values of understorey plant to moisture condi-
tions. The confusion matrix for the 2000 floristic samples per moisture 
regimes shows that humid sites are quite well discriminated with the 
Random Forest model (Table 3). With 69.5 % of correct classification (n 
= 1390), humid forest sites are the preffered habitat for a bunch of in-
dicator species that are dependant of a good water supply. Hygrophilous 
species show a narrow ecological amplitude, and are therefore accurate 

indicator species. Their well-known fidelity is illustrated by the rate of 
disagreement by two or more classes. Disagreement by two classes is the 
misclassification of humid soils into another moisture regimes that is not 
adjacent (e.g. mesic and dry MR are not adjacent to the humid MR). The 
fresh MR is adjacent to the humid MR and the RF model have some 
confusion with it, but mesic and dry MR, with 201 and 76 misclassified 
floristic relevés out of a total of 2000, are strongly differentiated from 
humid MR. Disagreement by two classes is thus extremely low, with only 
14 % (n = 276) for humid MR. More surprisingly, the dry MR sites are 
also featured by a low two-classes disagreement rate, as most of the 
confusions are made with mesic MR. This good performance is certainly 
attributable to the interaction between the trophic gradient and the 
moisture gradient which is particular to Belgium. Indeed, calcareous 
species thrive mainly in dry forest sites in Belgium (see left ordination of 
Fig. 4), as soil with calcareous bedrock are rarely found on humid site 
but very often in the direct surrounding of cliffs or on steep terrain. 
Thermophilic, xerophilic and calcareous flora are thus interrelated and 
mostly confused in our analyses, which explain why dry MR sites are so 
well differenciated by the Random Forest model. Similarly to the 
nutrient gradient, the performance were lower for the optimum forest 
site, here the fresh moisture regimes. These soils are indeed featured by a 
proper supply of water and oxygen during the whole vegetation period. 
Again, in these conditions, a high number of indicator species were 
present: plants that transgress either to mesic forest site or to humid soil. 

3.3. Integration of the predictive models into a web application 

The RF models have been implemented into a website dedicated to 
forest practitioners. For a relevé, predictions of the nutrient and mois-
ture regimes are displayed on barplots, adjacent to the corresponding 
axis of the ecogram (Fig. 5) and representing the likelihood scores. The 
regime with the highest score/bar, which is filled with a dark grey color, 
is considered as the predicted regime regarding the floristic relevé. In 
the ecogram, intersection of the predicted nutrient regime with the 
predicted moisture regime are the most likely forest site. It is highlighted 
by a yellow color (Fig. 5). The first relevé on the left is made up of eigth 
understory species including five indicator species, which belong to two 
ecological groups: Wood Sage and Blueberry. These ecological groups 
are both acidiphilic and mesophilic, which is in accordance with the 
prediction of the Random Forest models. An oligotrophic nutrient 
regime (− 2 NR) is predicted with 72% of likelihood and a mesic mois-
ture regime with a probability of 69%. The second relevé on the rigth is 
composed of 17 forest understory species: all of them are indicator 
species related to 12 distinct ecological groups. Although the ecological 
niche of these groups varies along the nutrient and moisture gradients, 
the presence of numerous calcareous indicator species (e.g., Acer cam-
pestre, Allium ursinum, Mercurialis perennis and Primula veris) mixed with 
wide-amplitude neutrocline (e.g., ecological group of Stinging Nettle) 
lead the Random Forest model to assign an eutrophic nutrient regime 
(+1 NR). Regarding the moisture regime, the prediction is not very 
strong with a likelihood of 37% for the dry regime. The mix of xeroclinic 

Table 2 
Confusion matrix from out-of-bag cross validation for the prediction of nutrient regime from indicator species presence/absence by Random Forest (RF). Overall out- 
of-bag error is 29.7%, and most of the confusion are related to mesotrophic soil (0 NR).     

Nutrient regimes infered by expert    

− 3 − 2 − 1 0 þ1 þ2 

RF predictions hyper-oligotrophic − 3 500 (100%) 84 (17%) 11 (2%) 2 1 0 
oligotrophic − 2 0 324 (65%) 91 (18%) 11 (2%) 4 (1%) 0 
meso-oligotrophic − 1 0 82 (16%) 316 (63%) 153 (31%) 45 (9%) 1 
mesotrophic 0 0 4 (1%) 55 (11%) 186 (37%) 61 (12%) 3 
eutrophic þ1 0 5 (1%) 24 (5%) 121 (24%) 284 (57%) 20 (4%) 
carbonated þ2 0 1 3 27 (5%) 105 (21%) 476 (95%)           

> 1 class disagreement  0% 2% 7% 7% 10% 4%  
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species as Brachypodium sylvaticum or the ecological group of Fingered 
Sedge with different mesophilic species lead to a poor prediction per-
formance for the moisture regime, which is brought to the attention of 
forest practionners by means of the prediction likelihood. 

4. Discussion 

In this study, we aimed to predict the forest site, and specifically the 
nutrient and moisture regimes, from understory vegetation in order to 
make available the floristic expertise of phytosociologists to a large 
audience. Thousands of floristic relevés scattered across Belgian forests 
were gathered into two databases, respectively covering the nutrient 
and the moisture gradients. Each relevé was associated with a nutrient 
regime or with a moisture regime by a floristic expert, based on the 
presence of indicator species and on the soil and topographic description 
of the forest site obtained from geographical layers. The 223 understory 
indicator species representing 32 ecological group were used as 
explanatory variables in two Random Forest models that predicted 
nutrient and moisture regimes from the presence of indicator species 
and ecological groups. To give a similar importance to each regime, we 
performed a meticulous preparation of the training datasets consisting 
in data augmentation and balancing. Data augmentation was performed 
to counterbalance the risk of model overfitting, while data balancing 
was implemented to compensate the skewed class distribution of relevés 
along environmental gradients. The Random Forest model predicting 
nutrient regimes achieved a rate of error of 30% on cross-validation, 

while the one predicting the moisture regime performed slightly less 
good with an out-of-bag error of 44%. Our Random Forest models were 
implemented in a decision support tool for forest practionners in a free 
website application (http://phytospy.gembloux.ulg.ac.be/). 

The good global performance of our models confirmed the usefull-
ness of understory indicator species for describing forest sites (Wang, 
2000; Wilson et al., 2001; Bergès et al., 2006). The Belgian forest trees 
autecology guide methodology, which focus on the three major envi-
ronmental gradients (climate, nutrient and moisture), is a simplification 
of the forest site conditions. In particular, moisture regime summarizes 
both water availability, hypoxia and thermal microclimate conditions, 
although thermal conditions have by themselves a strong impact on 
species distribution (Sewerniak and Puchałka, 2020). The seasonality of 
water availability also hinders the use of indicator species to charac-
terize the moisture regime since hygrophilous species can growth and 
close their life cycle during spring even if the soils become dryer during 
summer. Nonetheless, the performance of our models is adequate for an 
operationnal use by Belgian foresters. Here, to summarize the phyto-
sociological expertise, we used a non-parametric machine learning al-
gorithm which handles non-linear species-environment relationships 
(Cutler et al., 2007; Evans et al., 2011). Our approach did not focus on 
the interaction between one species and the forest environment, but 
operated at the scale of the entire floristic relevé. Nutrient and moisture 
regimes were directly predicted from the presence/absence matrix of 
indicator species and ecological groups in constrast to most applied 
phytosociology studies which use the indicator value of discriminating 

Table 3 
Confusion matrix from out-of-bag cross validation for the prediction of the moisture regimes from indicator species presence/absence by Random Forest (RF).    

Moisture regime infered by expert or by GIS analysis   

dry mesic fresh humid 

RF predictions dry 1176 (59%) 474 (24%) 307 (15%) 76 (4%) 
mesic 551 (28%) 1080 (54%) 384 (19%) 201 (10%) 
fresh 206 (10%) 288 (14%) 807 (40%) 333 (17%) 

humid 67 (3%) 158 (8%) 502 (25%) 1390 (69%)        

> 1 class disagreement 13% 8% 15% 14%  

Fig. 5. Illustration of the prediction models integrated in a website for two floristic relevés from Sougnez (1978). On the top, the two floristic relevés. On the bottom, 
the ecogram matrix with the barplot of the prediction for nutrient regime on the top and of the moisture regime on the right. The two barplots provide the result from 
Random Forest models, which attribute a likelihood for each regimes. Intersection of the most likely nutrient and moisture regimes is highlighted in yellow. 
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species. Indicator values were proposed by phytosociologists as a mean 
to represent the ecological niche of indicator plant species: they are an 
extremely succinct and subjective summary of the expert knowledge of a 
complex ecosystem-plant interaction (Diekmann, 2003; Biondi, 2011). 
In order to objectify these expert-interpreted indicator values, statistical 
indices of both fidelity and specificity of species to specific forest site 
characteristics have been developped, e.g., IndVal (Dufr and Legendre, 
1997). Although IndVal has a nice mathematical design, which has been 
improved by De Céceres and Legendre (2009), it fails to grasp all the 
complex nature of ecological systems. Average of species indicator 
values is generally performed to describe forest site of a vegetation 
relevé (Bartoli et al., 2000; Wilson et al., 2001; Tichy,̀ 2002; Pinto et al., 
2016) eventually weighed with abundance (cover). Another approach of 
forest site description with indicator species consists in the developpe-
ment of determination keys, based on the cumulative presence of species 
grouped in indicator species groups (Wang, 2000) or in ecological 
groups (Claessens et al., 2021). These determination keys are used 
manually or are automated in the form of an expert system algorithm 
(Noble, 1987). 

In this study, we used a powerfull supervised classification method 
which handles the multiple interactions between understory species and 
their environmental conditions (Evans et al., 2011). This was made 
possible by the compilation of numerous floristic surveys that end up 
with huge relevé databases (sup 10 000 relevés). Large and shared 
vegetation plots databases are becoming more and more common, 
especially in Europe, offering new opportunities for future phytosoco-
logical research (Douda et al., 2016; Chytry ̀ et al., 2016). Although 
Random Forest models cannot be visually inspected due to the high 
number of decision trees and thus fails to provide a proper under-
standing of ecological mecanisms (Evans et al., 2011), we believe that 
they are more powerfull than any expert system, e.g, classification keys, 
and outperform as well the classical averaging of indicator values. By 
nature, Random Forest algorithms are highly suitable to develop effi-
cient and complex classifiers and to model relationships that are un-
known to the phytosociologists, or at least too difficult to formalize. In 
addition, their use by forest practitionners is easy, and the prediction for 
a new floristic relevé has the advantage of providing a likelihood score 
for each regime, which adds an usefull nuance related to the confidence 
of a prediction. Our website application (http://phytospy.gembloux.ulg. 
ac.be/) allows the practical use of our research results by anyone. Once 
nutrient and moisture regimes are automatically determined from a 
understory species list, recommandations about the forest species that fit 
this forest site are also provided. 

Finally, this work opens the door to both theoretical and practical 
perspectives. The approach is relatively easy to extend at a larger scale, 
notably across Western Europe, and will allow the testing of theoretical 
questions in community and evolutionnary ecology. Practically, the 
numerous vegetation relevés, in combination with existing environ-
mental layers, will improve the current mapping of forest site. 
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Duvigneaud, P., 1946. La variabilité des associations végétales. Bulletin de la Société 
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Pinto, P.E., Dupouey, J.-L., Hervé, J.-C., Legay, M., Wurpillot, S., Montpied, P., 
Gégout, J.-C., 2016. Optimizing the bioindication of forest soil acidity, nitrogen and 
mineral nutrition using plant species. Ecol. Ind. 71, 359–367. 

Piqueray, J., Bottin, G., Delescaille, L.-M., Bisteau, E., Colinet, G., and Mahy, G., 2011. 
Rapid restoration of a species-rich ecosystem assessed from soil and vegetation 

indicators: The case of calcareous grasslands restored from forest stands. Ecol. Indic. 
11(2): 724–733. ISSN 1470–160X. doi: 10.1016/j.ecolind.2010.06.007. 

Prasad, A.M., Iverson, L.R., Liaw, A., 2006. Newer classification and regression tree 
techniques: bagging and random forests for ecological prediction. Ecosystems 9 (2), 
181–199. 

Pyatt, G., 1995. Ecological Site Classification for forestry in Great Britain. Forestry 
Commission (260): 6. Farnham. 
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