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The European Atlas of Forest Tree Species: modelling, data and information on forest tree species

D. de Rigo, G. Caudullo, T. Houston Durrant, J. San-Miguel-Ayanz 
The European Commission has recently published a Forest 

Strategy for the European Union (see chapter “The European 
Union Forest Strategy and the Forest Information System for 
Europe”), explicitly calling for “advanced research and modelling 
tools to fill data and knowledge gaps to better understand the 
complex issues around social, economic and environmental 
changes related to forests”1. 

The global change in its environmental (climate change), 
social and economic dimensions is expected to impact on 
European forest systems in complex ways (see chapter “Forest 
resources in Europe: an integrated perspective on ecosystem 
services, disturbances and threats”).

Potential impacts include changes in the suitability of 
whole regions for certain forest taxa and types, and resulting 
variations in the spatial distribution of forest tree species in 
Europe, with a large array of possible environmental, economic 
and social consequences2, 3. Beside future potential threats, 
transdisciplinary robust assessment is required to identify and 
address emerging immediate risks for forest ecosystems. As an 
example, risk assessment on emerging risks due to exotic forest 
pests and diseases often has to be performed coping with a 
broad set of uncertainties4.

A key piece of information to allow some of these impacts 
and threats to be reliably estimated is the availability of updated 
tree species distribution and habitat suitability for the current 
situation5-11. However, even this apparently simpler objective 
displays an impressive set of challenges for it to be addressed at 
the continental scale.

Heterogeneity of forests and forest data at 
the European scale

Europe is densely populated, with about 3 % of world 
land hosting almost 7 % of the world population (estimates 
for 2014)12. As a consequence, the anthropogenic pressure on 
forest ecosystems is elevated, with intense landscape diversity 
and relatively few undisturbed areas of high wilderness and 
low accessibility13, 14 (see Figure 2). Forest management may 
significantly alter the local composition of forests compared 
with the potential natural vegetation15, 16, for example because 
management practices might prevent or mitigate the natural 
interspecific competition by other tree taxa. Therefore, while 
undisturbed areas may display a rich variety of species 
adapted to coexist in the same mature ecosystem, areas with 
predominantly managed forests may exhibit very diverse 

patterns with sudden changes of species. In both cases, it might 
be that the available field observations are not dense enough to 
offer a statistical sampling without wide uncertainties on the real 
detailed composition and local distribution of tree species (see 
Figure 1). Europe spans over the subtropical, temperate, boreal 
up to the polar climate domain, experiencing highly a wide range 
of climate patterns17-19. For example, mountains characterise 
more than one third of the European land (see Figure 2) with 

peculiarities associated to the subtropical, temperate and boreal 
mountain systems, where highly variable bio-climatic conditions 
influence local forest ecosystems and their composition17, 20-22 

(see also the chapters “European forests: an ecological overview” 
and “Forest resources in Europe: an integrated perspective on 
ecosystem services, disturbances and threats”).

These characteristics of the continent contribute to define 
its overall high heterogeneity. Continental-scale modelling of tree 
species distribution and habitat suitability needs to adapt to this 
exceptional challenge with a harmonisation effort to integrate 
the different sources of forest-based field observations, also 
considering how to better take advantage from the already 
available land cover mapping. This Atlas is based on possibly 
the richest set of information harmonised at the European scale 
and focusing on recorded occurrences of forest tree species. 
Several hundred thousand harmonised field observations have 
been collected and integrated to cover several millions of 
square kilometres. However, the local density of available field 
observations (plot density, see Figure 6) is uneven with extensive 
areas of the continent very poorly covered. In the mountainous 
areas or where land use and landscape diversity is wide, a much 
denser network of field observations would have been required 
to reliably reconstruct at the km2 resolution the local distribution 
of forest tree species (not only including the ones that occupy 

Fig. 1:  
Top left: Croatia, Krka National Park. The park is characterised by very high 
biodiversity, with more than 800 identified species and subspecies of plants.
(Adapted from an image authored by gravitat-OFF, CC-BY, http://archive.is/m11os)

Bottom left: France, Stratification over the years of forest and land 
management. Even the uniformity of tree species within managed forest 
stands may be subject to border effects with increased diversity of species. 
(Adapted from an image authored by Hans Fransen, CC-BY, http://archive.is/fqFff)

Top right: Romania. Grazing and managed forest stands generate patches 
of locally uniform vegetation. However, at the landscape scale this results in 
a high heterogeneity. 
(Adapted from an image authored by Sergey Norin, CC-BY, http://archive.is/JYzDI)

Fig. 2: A qualitative visual overview for some of the dimensions of complexity and 
heterogeneity in the European continent. 

Top left: A view of the European continent at night shows clearly the large centres of population, 
where anthropogenic influences might be greatest. From NASA, Earth Observatory40.

Top right: Accessibility may be defined as the travel time to a location of interest using 
land or water based travel, estimated using a cost-distance algorithm which computes 
the “cost” of travelling between two locations, and usually measured in units of time. The 
values in the map represent the cost required to travel across them (hence this is often 
termed a friction-surface). This shows the varying levels of human influence, darker areas 
- i.e. less accessible ones - more prevalent in the far north of the continent and along 
mountain ranges. From European Commission and the World Bank14 . The similarity with 
the top left view is evident.

Bottom left: The peculiar administrative heterogeneity of Europe (at time of analysis, 28 member 
states in the European Union with 24 official languages and several states which are either 
federations, federacies or in any case providing large autonomy to internal administrative units) 
further increases the complexity and intrinsic uncertainty of continental-scale environmental 
modelling. This is because the many regional datasets are often autonomously collected 
and organised, with different spatial density of sampling, accuracy and uneven definitions 
of measured/estimated quantities for different taxa. For example, information gaps between 
multiple administrative units and institutions may potentially lead to classify regional field 
observations on a given species (missing from the local inventory) as false negatives.

Bottom right: orographic complexity. About one third of the continent is covered by mountain 
systems (according to a recent revised classification based on the UNEP-World Conservation 
Monitoring Centre approach20) and in most massifs the forest cover is a key component up 
to the timberline. Mountain forests are exposed to heterogeneous bio-climatic conditions: 
temperature, solar irradiation, precipitation patterns may vary greatly depending on the local 
elevation, slope, aspect, and resulting solar and rain shadow. Therefore, field observations 
of forest tree species in these areas may be associated with information limited to very 
local conditions.
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the overstorey canopy layer but also the ones in the midstorey 
and understorey, for which the information is sometime more 
incomplete). That said, the continental-scale modelling exercise 
here described can be exploited by users for a more consistent 
pan-European overview of forest tree species. The main goal of 
this Atlas is to offer a robust integrated synopsis harmonising 
information-rich areas with information-poor ones. At a finer 
scale, local richer information (although not yet harmonised with 
the information available elsewhere) may be able to provide 
locally more accurate estimates.

The Commission staff working document accompanying the 
Forest Strategy for the European Union, notes that “harmonized 
information on forests and forest resources at EU level is still 
limited, notwithstanding important research efforts in this 
field”23. In Europe, most countries collect information about 
forest resources by means of National Forest Inventories (NFIs)24.

Unfortunately, the definitions and methods underpinning the 
impressive amount of collected information are not yet uniform 
among the different inventories²⁴. See also Figure 2 and Box 2 for an 
overview on the underpinning uncertainty at different spatial scales. 
Additional sources of information are available by supra-national 
initiatives that collect forest-based field observations for a number 
of specific purposes25-29. Other sources provide coarse-resolution 
estimates on the chorology of vascular plants covering the whole of 
Europe or at least a substantial part of the continent30-35.

Existing land cover mapping exercises may complement 
this information by providing high-resolution estimates of forest 
categories - such as broadleaved and coniferous trees - instead 
of specific forest tree species36-39. 

The available European-wide data and information have been 
collected and harmonised within the Forest Information System for 

Europe (FISE)1, 41(see chapter “The European Union Forest Strategy 
and the Forest Information System for Europe”) to integrate diverse 
database and information systems within a modular array of 
models. This European Atlas of Forest Tree Species provides for 
the first time a systematic coverage of forest tree taxa distribution 
and habitat suitability at the continental scale, based on the most 
comprehensively integrated set of available data and information. 
The modelling strategy here summarised is designed to be inclusive 

The making of the European Atlas of Forest Tree Species required several 
years of work for the editorial board and intense exchange with more than 
50 international experts who devoted their efforts in co-authoring, revising, 
reviewing, providing additional information, insights and comments for the 
chapters of the Atlas. Here, a brief overview on the Atlas review model and 
on its content-processing chain is summarised.

The modelling, data and information on forest tree species, as harmonised 
within FISE, has been complemented by open contributions from international 
authors, advisors and reviewers, under a clearly defined taxonomy of roles42 
to ease the collaboration and with the systematic internal recording of all 
contributions and modifications by means of an internal version control 
system. After the initial design and implementation of core materials and 
methods (data, models, maps, diagrams, bibliography and text), a cycle of 
internal review – with the support of external reviewers – and subsequent 
content revision has been iterated up to finalise the extended summary for 
each chapter (see Figure 4). To obtain the printed version of this Atlas, the 
extended summaries with their cycles of review and revision required the 
support of novel computational tools, with the design and implementation of 
a dedicated chain of data-transformation modules (D-TM)43, 46. 

For a given chapter version, the content-processing chain of D-TMs starts 
from text and references, annotated by the co-authors by using common 
word-processing formats (DOC, DOCX). Although easy to edit with images, 
tables and other supporting information, these formats are unsuitable for an 
automated semantic enhancement of their content. The manual harmonisation 
of the bibliography was based on the records stored in the Meta-information 
Database on Integrated Natural Resources Modelling and Management 
(INRMM-MiD, http://mfkp.org/INRMM ; about INRMM see also the chapter 
“Forest resources in Europe: an integrated perspective on ecosystem services, 
disturbances and threats”)43. The Atlas provides an overall bibliography with 
more than 2 400 cited references to scientific and technical publications, which 
correspond to over 1 600 unique references. For each of them, an INRMM-MiD 
public record is available with integrated metadata and meta-information on 
the cited publication. Furthermore, the INRMM-MiD catalogue covers about 
5 000 indexed publications, of which more than 2 400 are on forest resources, 
which may serve for further readings.

From the human-editable format, the D-TM chain for each chapter version 
generates intermediate information with semantic enhancements, to derive 
HTML, LaTeX, PDF and RTF documents with a harmonised, machine-readable 
semantic structure. The content-processing chain is implemented on a GNU/
Linux computing environment44, 45 under the semantic array programming 
paradigm43, 46. Overall, the making of the printed version of the Atlas required 
the processing and generation of more than 18 000 files (considering only the 
textual information content) organised in more than 2 400 units of content. 

Concerning the modelled maps, chorology areas may integrate several 
sources within a single coarse-resolution overview. Each distribution (relative 
probability of presence) and suitability (maximum habitat suitability) map 
is the result of an ensemble of hundreds of intermediate maps generated 
via statistical resampling to ensure that the final estimate is more robust 
and able to tolerate a larger amount of outlier data or data affected by 
high uncertainties – a feature which is essential at the considered spatial 
scale (see section “Heterogeneity of forests and forest data at the European 
scale” in this chapter). Overall, this required about 20 000 core intermediate 
geospatial layers (at 1 km2 spatial resolution) to be processed, without 
considering other ancillary layers.

These few statistics refer to this printed version of the Atlas. As highlighted 
by Figure 4, the extended summaries of this book are associated with their 
corresponding updated online full version. The review model for the Online 
European Atlas of Forest Tree Species is similar to that applied to the printed 
edition. In addition, each updated manuscript will undergo a more extensive 
peer review. If accepted, a chapter will be persistently published in the FISE 
portal. Periodic updates might be possible for e.g. integrating recent or 
extended literature, improved data and modelling, extended statistics and 
iconography, with the potential contribution of additional co-authors. All 
previous peer-reviewed versions of an updated chapter will remain accessible.

Box 1: The review model and content-processing chain of the European Atlas of Forest Tree Species

Fig. 4: The review model of the European Atlas of Forest Tree Species.

Fig. 3: 
Left: Forest patchiness and variability: hills with a mixed land cover where 
forests show limited core undisturbed areas and extensive forest borders 
are exposed to the anthropic influence, as well as to different patterns 
of slope, aspect and subsequent solar irradiation. As a consequence, the 
detailed composition and proportion of forest tree species may locally vary. 
Switzerland, Canton of Lucerne. 
(Adapted from an image authored by Benediktv, CC-BY, https://archive.is/hUFIj)

Right: Italy, Marche region. Another mixed land cover. Although fragmented, 
here forests are more homogeneous with weaker evidences of border 
effects. 
(Adapted from an image authored by Francesco Gasparetti, CC-BY, https://archive.is/PRbcg)
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and able to assimilate further forest information not yet exploited. 
The modelled maps, diagrams and statistics available in the printed 
version of this FISE Atlas will be further improved with additional 
modelling modules and data currently under harmonisation. Input 
and data from experts in local/regional distribution of specific tree 
species will be precious (see Figure 4). The online version of the 
Atlas (https://w3id.org/mtv/FISE-Comm/v01/) is designed to publish 
updated enriched information and maps with an increasing level of 
data and modelling integration, in order for FISE to offer a continuous 
delivery of advanced forest research and products (as a “dynamic 
modular system that combines data and models into applications”1) 
for supporting a multifaceted ecosystem of uses and customers in 
the scientific, policy-making, and society domains.

Materials and methods
In this section, a more detailed summary of the data and 

information sources is provided. The modelling methodology for 
each typology of species specific map is also described.

The semantics underpinning the array of different data 
sources has been systematically harmonised by exploiting the 
geospatial application47 of the semantic array programming 
(SemAP) paradigm43, 46. 

This has been achieved by means of SemAP array-based 
semantic constraints43, 48. Some among the simpler of them are 
exemplified hereinafter with the notation ::constraint::. This notation 
refers to the online taxonomy of array-based semantic constraints 
which implements the paradigm (see Figure 8)48.

Harmonising presence and presence/absence 
datasets

FISE is putting an intensive effort toward harmonising the 
heterogeneous sources of information on forest-based field 
observations24-29. The datasets considered in this Atlas are able 
to provide records on presence/absence or at least presence only 
(e.g. useful for the species chorology) for the main tree species in 
Europe (see also Box 2). They are collections of forest field surveys 
with information about the growing tree species and geographical 
localization. All datasets used have been harmonized to an INSPIRE 
compliant 1 km² grid (LAEA EPSG CODE 3035)49.

European National Forestry Inventories database
This dataset derived from National Forest Inventory data 

and provides information on the presence/absence of forest tree 
species in approximately 375 000 sample points with a spatial 
resolution of 1 km²/pixel, covering 21 European countries8.

Forest Focus/Monitoring dataset
This project is a Community scheme for harmonised, broad-

based, comprehensive and long-term monitoring of air pollution 
effects in European forest ecosystems, normed by EC Regulation 
No. 2152/200350. Under this scheme the monitoring is carried out 
by participating countries on the basis of a systematic network 
of observation points (Level I) and a network of observation 
plots for intensive and continuous monitoring (Level II). For 
managing the data JRC implemented a Forest Focus Monitoring 
Database System, from which the data used in this project27, 28. 
The complete Forest Focus dataset covers 30 European Countries 
with more than 8 600 sample points.

BioSoil dataset
This project was one of a number of demonstration studies 

initiated in response to the “Forest Focus” Regulation (EC) No. 
2152/200350 mentioned above. The aim of the BioSoil project was 
to provide harmonised soil and forest biodiversity data. It comprised 
two modules: Soil Module51 and Biodiversity Module25. The dataset 
used in this project came from the Biodiversity module, in which plant 
species from both the tree layer and the ground vegetation layer was 
recorded for more than 3 300 sample points in 19 European Countries. 

European Information System on Forest Genetic Resources 
(EUFGIS)

This project is part of European Forest Genetic Resources 
(EUFORGEN) program, which aims to “maintain, conserve, restore 
and enhance the biological diversity of forests, including their 
genetic resources, through sustainable forest management” 
(Ministerial Conference on the Protection of Forest in Europe, 
200752). The EUFGIS maintains an online portal (www.eufgis.
org) of the national focal points for 98 target tree species in 31 
European countries. In these forest sites, tree populations are 
either within the natural environment to which they are adapted 
(in situ), or artificial, but dynamically evolving populations 
elsewhere (ex situ). EUFGIS dataset contains geo-referenced 
information on around 2 500 forest samples, providing data of 
the main tree species presence. 

Geo-referenced Database of Genetic Diversity (GD)2

The (GD)2 is a dataset of sample points localising genetic 
units (populations, single trees) that are traditionally analysed in 
genetic surveys conducted in natural populations. The database 
is part of the EVOLTREE project (Evolution of Trees), a network of 
excellence addressing four major disciplines: Ecology, Genetics, 
Genomics and Evolution (www.evoltree.eu). It was launched 
in April 2006 and financially supported by the European Union 
within the 6th Framework Programme. The (GD)2 database 
contains geographic information of a limited number of tree 
species; specifically Pine, Oak, Beech and Ash.

Harmonising forest cover datasets
Available maps of land cover in Europe have been harmonised 

within FISE as complementary information on forest categories 
(proportion of broadleaved and coniferous trees)36-39. The data 
sources used are listed below.

Pan European Forest Type Map 2006 (FTM)
This map is a 25 m spatial resolution raster derived from 

LISS III, SPOT4/5 and MODIS satellite imagery and Corine Land 
Cover 2006 data. It includes the classes “Broadleaved Forest” and 
“Coniferous Forest”, covering 38 European countries. The map 
was produced with an automatic classification technique based 
on a Neural Network clustering algorithm36.

CORINE Land Cover map 2006 (CLC)
CORINE project, launched by the Commission of the European 

Communities, aims to produce large-scale maps of national territories 
and keeping up-to-date inventories and maps of land cover. Based 
on earth observation satellite images, aerial photographs and ground 
surveys, the latest version of the map 2006 has been implemented 
by The European Environmental Agency)37, 38. CLC map covers 36 
European countries with a pixel size of 1 hectare, from which was 
extracted the forest cover from the classes “Broadleaved forest”, 
“Coniferous forest” and “Mixed forest”.

Fig. 6: Plot density, computed with a spatial grid of 50 × 50 km, (LAEA) for the datasets used: European Forest Inventories (EF), 
BioSoil (BS), Forest Focus (FF), EUFGIS (EG), Genetic Diversity (GD). Among other constraints, the array-based semantics of 
each harmonised dataset expects the corresponding geospatial records to have nonnegative values (::nonnegative::), after the 
removal of outliers, highly uncertain or missing data (::nanless::), all considered as not available information.

Fig. 5: Examples of sparsely forested areas with mixed land cover. Although 
the presence of tree species characterises these examples, some tree 
formations may not fulfil the definition of forest and thus may be classified 
differently in the available land cover maps. Furthermore, trees in non-
forest areas may be supported by scarcer field observations, since the main 
effort of systematic data collections such as national forest inventories 
is more focused on forest areas. However, remarkable biotic disturbances 
(such as some forest pests) may spread also over landscapes with sparse 
but susceptible trees. Therefore, even approximate information able to 
systematically cover these European areas may be essential.

Top: Germany, Baden-Wurttemberg. 
(Adapted from an image authored by Schwabe90, CC-BY, https://archive.is/GmS3a)

Middle: Turkey, and example of landscape with a scattered woodland 
component, at the boundary between the subtropical mountain system and 
the subtropical dry forest. 
(Adapted from an image authored by Fredi Bach, CC-BY, https://archive.is/YLP9o)

Bottom: France. Linear formations contribute to support connectivity among 
forest patches. 
(Adapted from an image authored by Fredi Bach, CC-BY, https://archive.is/9jRGz)
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ESA GlobCover 2009 (EGC)
The GlobCover project in 2010 produced a global land cover map 

derived by an automatic and regionally-tuned classification of a time 
series of global Medium Resolution Imaging Spectrometer Instrument 
Fine Resolution mosaics for the year 2009. This map counts 22 land 
cover classes defined with the United Nations Land Cover Classification 
System and a spatial resolution of 10 degree seconds39.

The forest cover classes have been extracted from land 
cover maps (CLC, EGC). In the EGC map the forest classes are 
described through percentage ranges of tree cover; for each class 
the maximum tree cover percentage was adopted as the potential 
value. This is due to the semantic role as a statistic constraint of the 
forest cover classes within the C-SMFA model. C-SMFA also supports 
statistical resampling and Monte Carlo analysis as enhancement for 
more advanced modules - object of ongoing research - to integrate 
forest cover classes. 

Modelling methodology
The data and information harmonised in FISE has been the 

basis for generating the modelled maps and diagrams which 
are associated to each tree species/taxon chapter (see chapter 
How to read the Atlas). In particular, high-resolution tree species 
distribution (relative probability of presence) and suitability 
(maximum habitat suitability), autoecology diagrams, coarse-
resolution chorology and frequency maps.

Spatial distribution: the C-SMFA model
This model supports the generation of high resolution 

distribution maps at the taxon level (1 km2 pixel size). Each map 
estimates the relative probability of presence (RPP) of the taxon 
based on the datasets of field observations as harmonised within 
the Forest Information System for Europe (FISE)1, 8, 41. 

Each map is modelled with a spatial frequency analysis 
of the available field observations. The analysis is performed 
with an innovative modelling methodology designed to preserve 
a consistent logics and quantitative meaning (i.e. a consistent 
semantics) within the heterogeneous array of data and 
information which is necessary for the diversity of the European 
continent to be covered.

The frequency analysis considers multiple spatial scales to 
account for the different local density of data. Furthermore, it is 
constrained to have a consistent semantics with an additional 
array of geospatial information, in order to improve the overall 
map quality (constrained spatial multi-scale frequency 
analysis, C-SMFA)8. In particular, information on the spatial 
probability of finding a broadleaved (or coniferous) tree species 
has been used as C-SMFA statistic constraint to improve the 
accuracy of the estimation36-39.

Together, combining the continental-scale arrays of geospatial 
data and information, along with their underpinning uncertainty 
and complex semantics constituted a challenging big-data 
problem. For this, the geospatial semantic array programming 
paradigm (GeoSemAP) has been exploited43, 46, 47, 53. 

Maximum habitat suitability: the RDS-MHS model
This model supports the generation of high resolution 

suitability maps at the taxon level (1 km2 pixel size). Each map 
estimates the maximum habitat suitability (MHS) of the taxon 
based on the datasets of field observations as harmonised 
within FISE1, 8, 41. High values represent areas which are highly 
suitable for the taxon to survive (denoted in the legend as 
high survivability areas). In these areas, the local bioclimatic 
conditions are very similar to those of at least some of the field 
observations where the taxon occurs. Conversely, lower values 
highlight poor survivability conditions. This refers to areas with a 
bioclimatic pattern very dissimilar from all the observed patterns 
where the taxon is found. 

Each map is modelled with an innovative methodology 
following the relative distance similarity approach (RDS-MHS) 
based on high-resolution bioclimatic and geographic factors (e.g. 
based on temperature, precipitation, solar irradiation, elevation 
range, ...)8, 17, 54. RDS-MHS estimates the maximum spatial extent 
where the taxon currently lives or could live. The map also 
highlights unsuitable areas in Europe: i.e. areas with bioclimatic 
conditions very dissimilar from all the ones observed for the 
taxon. This is not as easily obtained with classical approaches 
based instead on the average habitat suitability. 

As for the distribution maps based on the C-SMFA model, 
the integration of continental-scale arrays of geospatial filed 
observations, bioclimatic information constituted a challenging big-
data problem, similarly addressed with the GeoSemAP approach.

Chorology and frequency
This category of maps summarises two basic pieces of 

information concerning the species: 
1. The species frequency over a 50 × 50 km grid (represented by 

means of dots with variable size): this shows the percentage 
of species presence related to the amount of sampling points 
inside the grid. The sampling points are derived from the 
same datasets which have been used to model the species 
distribution and the maximum habitat suitability. 

2. The species chorology: this is the broad range and 
qualitative spatial distribution of the tree species derived 
from one or more bibliographic sources. It is classified as 
“Native” (green area) when the species is thought to occur 
naturally and “Introduced” (orange area) when the species 
has been historically introduced and is nowadays naturalised. 
For producing the chorology maps, a heterogeneous collection 

of references has been gathered and consulted. Most of maps 
are principally based on historical works about the vascular plant 
chorology by Meusel and Jäger32, Hultén and Fries33 and on the 
Atlas Florae Europaeae30, 31. In some cases the chorology maps 
have been derived from the species distribution maps available 
on the EUFORGEN website34. In all the tree species chapters 
where chorology maps are available, the detailed list of relevant 
references is provided.

Autoecology diagrams
In most chapters, autoecology diagrams (also known as 

climate-space diagrams) have been derived for the described 
taxon, based on the datasets of field observations8, 25-28, 55 as 
harmonised within FISE1, 8, 41. The field observations are the 
same as those exploited to estimate the coarse-resolution forest 
plot frequency maps. 

The local bioclimatic conditions where a given taxon is 
observed are obtained by means of high-resolution bioclimatic 
and geographic factors (e.g. based on temperature, precipitation, 
solar irradiation)8, 17, 54. This array of factors allows the observed 
trees to be analysed in their distribution patterns within a 
multidimensional bioclimatic space. This is the basis for the RDS-
MHS model. 

To ease the visual interpretation of some patterns, two-
dimensional slices of the bioclimatic space are displayed. In 
particular, the distribution of observed trees is visualised against 
three pairs of bioclimatic factors: 

• annual average temperature vs. annual precipitation; 

• potential solar irradiation in spring-summer vs. the average 
temperature of the coldest month; 

• and the seasonal variation of the monthly precipitation (i.e. 
the difference between the total precipitation of the wettest 
and driest month, normalised by the precipitation of the 
wettest month) vs. the precipitation of the driest month. 
Further details on the modelling aspects can be accessed in 

the full online version of this chapter.

Fig. 8: Examples of the array-based semantic constraints, as exploited in the modelling methodology to generate tree species 
distribution and suitability maps. Left: an array of raster layers (e.g. multiple presence/absence raster maps, or bioclimatic input 
layers to estimate the tree species maximum habitat suitability). The elements composing the array may be accessed and denoted 
with different levels of granularity, from the single element of a given spatial cell (pixel value) up to sparse collection of them, entire 
matrix layers and list of matrices. Right: Another semantic dimension associated with the aforementioned arrays is defined by the 
numerical values of each array element. Permissible values may vary depending on specific requirements of the particular algorithm 
which is expected to operate on the arrays. For example, presence/absence data constitute a ::binary:: information, while the estimated 
probability of presence is a ::proportion:: between 0 and 100 %. The number of measured plots per each spatial pixel, or climatic 
information on e.g. precipitation patterns must be composed of ::nonnegative:: values. 
Source: Daniele de Rigo, AP, http://w3id.org/mtv/Mastrave/img/SemAP-checks

Fig. 7: Broadleaved and coniferous forest density, computed with a spatial 
grid of 50 × 50 km, (LAEA) for the datasets used: Pan European Forest Type 
Map 2006 (FTM), CORINE Land Cover map 2006 (CLC) and ESA GlobCover 
2009 (EGC). Among other constraints, the array-based semantics of each 
harmonised forest density expects the corresponding geospatial raster layers 
to provide the proportion of forest cover (::proportion::), i.e. values in [0 1].
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Box 2: Modelling, software and data uncertainties: a qualitative integrated 
overview of trade-offs for estimating pan-European forest tree taxa information

On the semantics and interpretation of European-wide 
available presence/absence records

In the section “Harmonising presence and presence/absence datasets” 
of this chapter, an overview of available field-observation datasets has 
been summarised. At local, regional or national scale, accurate datasets 
may be available with detailed annotation on survey methodology, 
sampling strategy and stratification, which typically differ from inventory 
to inventory (e.g. between different National Forest Invetories, NFIs24). 
The harmonisation process and some of its intrinsic challenges8 may be 
exemplified considering the dataset derived from NFI data. 

The data used refer to the presence/absence of a given forest tree species 
with a spatial resolution of 1 km2/pixel brought up into line with an INSPIRE 
compliant 1 km2 raster grid. In particular, the underlying information to assign 
the presence/absence value for a given pixel and a given tree species refers 
to measures within plot areas belonging to that pixel (i.e. the areas where 
field observations have been recorded). The information on the presence 
at the plot-scale of a given tree species may be useful for assessing 
the species chorology and the maximum extent of its distribution. This 
assessment may be performed without additional data-transformations, 
possibly with a supporting statistical analysis so as to more easily detect 
outliers. However, since the overall area of those plots can be considered 
as negligible with respect to the 1 km2 area of the pixel, the NFI-derived 
presence/absence information at pixel level needs to be properly processed 
to model more advanced statistics than the mere probability to find at least 
one tree of the given species in the 1 km2.

Fig. 9: Overly simplistic models may be affected by high modelling uncertainty because too many non-negligible 
components of the real system are not taken into account by the model. However, with growing modelling 
complexity, even the complexity of the underpinning software code increases. Software engineering techniques 
and good computational science practices may help to mitigate the rise of software uncertainty. Since they 
cannot completely prevent software uncertainty, a trade-off exists between increased complexity of models 
(assuming that this increase is associated with a better approximation of the reality, which for some categories 
of models may be structurally impossible77, 78) and the resulting increased software complexity. 
Source: Daniele de Rigo, CC-BY, https://dx.doi.org/10.6084/m9.figshare

Fig. 10: Qualitative visualisation of the potential cumulated effect due to the combined uncertainty in modelling, 
software and data. Integrated modelling frequently exploits multiple heterogeneous data sources by combining 
specific data-processing and intermediate derived data as generated from specialised software modules. The 
uncertainty of each data-transformation is propagated up to the final combined output, whose cumulated 
uncertainty depends even on the initial uncertainty of the input data. More complex models might be associated 
with a higher sensitivity of their estimates to outliers and input uncertainty, sometime with higher prediction 
errors for new data77, 78 . This increase of the combined data uncertainty may be mitigated with robust modelling 
techniques (e.g. statistical resampling and robust statistics) which may also contribute to mitigate software 
uncertainty79-84 .
Source: Daniele de Rigo, CC-BY, https://dx.doi.org/10.6084/m9.figshare

Fig. 11: Qualitative visualisation of varying trade-offs for different available spatial resolution of input data and 
information. A qualitative ranking is proposed to simplistically illustrate the different complexity associated to 
the modelling approaches discussed in this chapter. Coarser spatial resolution of input data may be associated 
with an intrinsic partial loss of information (e.g. finer-resolution details within highly heterogeneous areas such 
as mountain systems and high-diversity landscapes). This may reverberate in higher final data uncertainty. 
Among other aforementioned concepts and criteria, even this qualitative trade-off has been taken into account 
for adapting the modelling complexity of the discussed maps and diagrams. 
Source: Daniele de Rigo, CC-BY, https://dx.doi.org/10.6084/m9.figshare
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Moreover, the relatively negligible area on which the presence/absence has 
been measured does not ensure that the measured absence of a given 
species within the plots implies the absence of the species within the entire 
1 km2 pixel.

A more meaningful interpretation of the NFI-derived presence/absence 
measures considers them as random samples of a binary quantity (the 
point presence/absence, not the pixel one). This binary quantity is a random 
variable having its own probability distribution which is a function of the 
unknown average probability of finding the given tree species within a plot 
of negligible area belonging to the considered 1 km² pixel. We denote this 
unknown statistic with the name of “probability of presence” and this is the 
quantity estimated in the C-SMFA based maps. This quantity differs from 
the measured records of presence/absence at the plot scale: ideally, the 
average of a high number of measures (assigning 0 to an absence and 1 to 
a presence) all taken within the same 1 km2 pixel, should tend to the value 
assumed in the pixel by the “probability of presence” quantity. 

It is worth recalling how this quantity is conceptually different from the 
percentage of area in 1 km2 pixel covered by the given tree species (see in 
particular the next section). Nevertheless, it is a proxy statistic which can 
be further modelled by estimating its values for all the tree species whose 
presence/absence data are included in the harmonised datasets. The 
probability of finding some tree species (irrespective of which particular 
species) within a given pixel can be linked with available and independent 
estimations of forest cover. In the section “Harmonising forest cover 
datasets”, a set of harmonised land cover maps has been summarised. The 
Pan-European Forest Type Map 2006 (FTM)36 may serve to better exemplify 
the semantics underpinning the integration between presence/absence and 
land cover information. FTM classifies each 25×25 m pixel in Europe into one 
of the categories broadleaved forest, coniferous forest or other non-forest 
categories. Within a 1 km2 pixel, 1 600 25×25 m sub-pixels estimates are 
available. If we consider each of them as approximating a negligible area, 
it is possible to independently compute the average probability of finding a 
broadleaved (or coniferous) tree species within a negligible area belonging 
to the considered 1 km2 pixel. This independent statistic is homogeneous 
with the combined “probability of presence” - as previously defined - of all 
of the tree species which are respectively broadleaved or coniferous and it 

is also an obvious estimation of broadleaved (or coniferous) cover at the 
1 km2 pixel level. Analogously, other maps of land cover may be exploited 
with the same aim. In particular, the CORINE Land Cover map 2006 (CLC) 
was systematically utilised as constraint in the first set of maps based on 
the C-SMFA model. The harmonisation between FTM, CLC, EGC and other 
potentially useful additional layers of information on forest types is ongoing 
to further improve the C-SMFA application at pan-European scale. In this 
context, the term “cover” is intended as the percentage of area covered 
by a given species or category of species. The way that “probabilities of 
presence” of single tree species can be properly combined together is the 
object of ongoing modelling research and will possibly enable a future 
estimation of the corresponding forest tree species cover.  

On the difference between species frequency within 
forests and its relative probability of presence 

In the section “Modelling methodology” of this chapter, the integrated 
approach to model the spatial distribution of forest tree species has been 
summarised. In particular, two typologies of distribution maps refer to 
the relative probability of presence of a species (C-SMFA model) and the 
species frequency within forested areas.

A first evident difference between the information conveyed by the two 
maps lies in their spatial resolution, much coarser for the species frequency 
(and thus susceptible to be estimated for a broader set of taxa, including 
those whose available field observations do not enable a more detailed 
spatial analysis to be performed). The coarser resolution is associated with 
a simpler modelling strategy, reducing as much as possible the number of 
data-transformation and modelling steps. This way, the biases and modelling 
errors generated due to assumptions and hypotheses required by intensive 
data-processing are reduced to a minimum degree – at the price of lower 
details and a lower resilience of the estimates to the heterogeneity of the 
available datasets. The potential impact of border effects between different 
forest inventories may be more easily mitigated with the robust statistical 
resampling exploited by the C-SMFA model and by its integrated use of pan-
European land cover information. However, this advanced modelling approach 
requires a far more complex chain of data-processing steps.

The second key difference between the two distribution maps lies in their 
reference context. The species frequency is estimated within forested 
areas. Instead, the relative probability of presence (RPP) of the same 
species refers to the whole pixel content, not only to forests. Therefore, two 
1 km2 pixels whose forested areas have the same frequency of occurrence 
for a given tree species, may nevertheless have different RPP if the first 
pixel is e.g. completely covered by forests while the second one is sparsely 
forested. This is the case of several European areas with mixed land cover, 
either due to anthropic influence or due to natural reasons (e.g. sparse 
woodlands close to the treeline in the mountain systems, or located within 
ecological zones unable to support a dense forest cover).

On software uncertainty

The software implementation of nontrivial computational science models 
is subject to a complex pattern of subtle errors, known as software 
uncertainty43, 53, 56-62. Best practices and specific open issues have been 
identified for scientific software63-66. The size of software code and its 
structural complexity (such as the number of loops, conditional statements, 
Boolean operators, code bifurcations and exceptional execution paths, 
frequently nested and sometime implicitly introduced in apparently simpler 
code67, 68) are highly correlated with the overall amount of software 
faults69-71. 

Array programming allows the code size and its structural complexity 
to be significantly reduced72, 73. A disciplined, semantically-enhanced 
modelling approach might help to mitigate the impact of software 
uncertainty43, 48, 74-76. However, other sources of uncertainty should be 
considered in an integrated perspective to better design and implement 
modelling strategies adaptive to the trade-offs typical of multiple 
heterogeneous sources of data and information. Figs. 9-11 qualitatively 
illustrate some key categories of uncertainty. They have been considered 
relevant in the wide-scale transdisciplinary modelling here discussed for the 
European-wide harmonisation challenge on forest tree species information.
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