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High-resolution naturalness mapping can
support conservation policy objectives
and identify locations for strongly
protected areas in France
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Intact natural landscapes are essential to both biodiversity conservation efforts and humanwell-being
but are increasingly threatened and lack sufficient protection. Bold National and International
protected area targets aim to address this problem, yet the question remains –where will these areas
be located? Using France as a case study, we present a high-resolution method to map naturalness
potential. The resulting map, CARTNAT, performs well at identifying areas which have already been
recognised as worthy of strong protection, under both National and International designations,
however, only 1%of the top 10%of high naturalness areas in France are currently strongly protected.
CARTNAT is already being used to highlight potential sites for new protected areas supporting the
French National Strategy for Protected Areas to 2030. We argue that spatially informed participatory
decision making of this type has the potential to deliver on national and international protected area
policy objectives.

Intact natural landscapes are essential for achieving biodiversity conserva-
tion policies which aim to address the twin challenges of climate change and
species loss1. Researchers working across multiple disciplines have estab-
lished the critical importance of intact natural landscapes to the continued
survival of threatened species2,3, as well as the life support systems upon
which all life depends4. Beyond their intrinsic value, these same ‘wild’ spaces
bring additional benefits in terms of human recreation and well-being5.
Despite growing evidence for their extraordinary value, many ecologically
intact wild spaces still lack sufficient protection, and as such are rapidly
being lost, meaning that they require immediate large-scale conservation
efforts to secure them for the future6,7.

The Kunming–Montreal Global Biodiversity Framework sets ambi-
tious targets to protect areas of high biodiversity importance and high
ecological integrity using inclusive spatial planning8 and is critical to the
success of area-based conservation9. Similarly, the EU’s biodiversity strategy

for 2030 sets the target of placing 10% of European terrestrial land mass
under ‘strict protection’ and emphasises the importance of non-
intervention in old growth forests, protected areas, and ecologically intact
natural areas in delivering this10. Meeting these targets raises a clear chal-
lenge—how can policy objectives at the global level translate into effective
national action?4. Spatially identifying intact natural areas is a key compo-
nent of any strategy designed to meet global conservation challenges and
turn policy into action11. Numerous projects have set themselves the chal-
lenge ofmapping human influence and identifying the remainingwild areas
(see for example, refs. 12–14).Global andEuropean levelmaps ofwilderness
quality and human influence could potentially be used at the national scale
to support protected area policy objectives, but generally lack the spatial
nuance in both data andmethods to identify regional and local patterns and
gradients in wildness. Implementation of the EU biodiversity strategy is the
responsibility of the nation states and decision making on national targets
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should be based on the ‘best data’10 (p.18) available, usually nationally
produced data sets with full national coverage that are coherent with other
National level spatially explicit tools. For mapping to be used effectively in
decision making, it also needs to be based on robust methodologies which
deliver thematically relevant information of value to national, regional and
even local level decision conservationmakers and conservationmanagers15.
National level maps of wilderness or anthropogenic influence exist for
Austria16, Scotland17, Denmark18 and Iceland19. Like their global equivalents,
they represent wilderness using a continuum from least to most wild and
respond to the fuzziness of the ‘wilderness’ concept by usingwell established
multi-criteria evaluation methods (MCE) to merge remote sensing data on
human influence, anthropogenic artefacts and landscape quality into a
single thematic map20. Whilst these maps include consideration of the
perceived naturalness of the land cover they are focused specifically on the
idea of human influence, or ‘wilderness’ as a human perceived attribute of
landscapes without extensive human modification. As such they are not
specifically designed to address International8 and EUpolicy goals10 focused
on the conservationofoldgrowth forests, ecologically intact natural areas, or
National targets for biodiverse areas of ‘high naturalness’21.

Furthermore, whilst these existing thematic mapping products inte-
grate high-resolution remote sensing data, the final spatial outputs rarely
available at a high enough resolution to supportNational, regional and local
planning. Following the European Parliament’s 2009 Resolution on Eur-
opean Wilderness22, Wild Europe was commissioned to produce a defini-
tion of ‘wilderness’ which could support a standardised approach to the
protection and restoration of large ecologically intact areas23. In respect of
this need for standardised high-resolution mapping focused on identifying
ecologically intact natural areas, we developed CARTNAT which maps
naturalness potential at 20m resolution for the entire FrenchMetropolitan
territory. CARTNAT mobilises data on the three main components of
naturalness: biophysical integrity; spontaneity of process and spatio-temporal
continuity (see Fig. 1). These three landscape facets were chosen to capture
the plurality of approaches understood by the term naturalness in the
literature24 andwere approved by an expert IUCNnational working group25

as appropriate for mapping naturalness at the national scale in France.

Biophysical integrity describes to what degree the composition of species or
habitats in a landscape resemble their undisturbed or native state26,27;
spontaneity of process captures the idea of human influence on the landscape
and the degree to which nature is free to evolve in the direction it chooses
being ‘untrammelled’ by human intervention28,29; finally spatio-temporal
continuity refers to the idea that the larger and better connected an area is,
and the longer it has remained undisturbed, the more likely it is to contain
intact habitats30–33. As a conservation decision support tool this tri-facet
approach has two clear advantages over previous national mapping initia-
tives, firstly it is focused on mapping naturalness as a property of the
landscape, and secondly in doing so it avoids the challenges that have in
recent years dogged the goal of mapping the increasingly politicised
anthropocentric concept of wilderness34. It also responds to the 2030 CBD
targets8, which highlight, alongside areas of high biodiversity, the impor-
tance of both areas of ‘high ecological integrity which occur within their
natural ranges of variation and can withstand and recover from most dis-
turbances’ (in Target 1), as well as the importance of ‘connectivity and
integrity areas with high ecological integritywhich ensures themaintenance
of natural species habitats (in Target 2).

We believe that the quantification and mapping of each of these three
facets provides a novel description of the entire French metropolitan ter-
ritory and iswell suited as amethod to highlight the distribution of potential
hotspots of naturalness in France. Highlighting the value of its complete
national coverage, we demonstrate the use of CARTNAT as a fast-track
search tool to identify potential highly natural areas that are not currently
protected, the results from which can be integrated into local and regional
level protected areas planning in support of the FrenchNational Strategy on
Protected Areas to 2030 (SNAP)35. In line with the EUBiodiversity strategy,
the SNAP aims to strongly protect 10% of the French Continental areas via
‘protection forte’. Our objectives were: (1) Develop methods to map nat-
uralness at the national level inmetropolitan France, whichmake use of the
best high resolution spatial data available; (2) Test the performance of
the resulting mapping in relation to existing protected area networks to
validate it’s potential as adecision support tool forprotectedareaplanning at
the local, regional and national level; and (3) Spatially analyse the map to

Fig. 1 | CARTNAT three-layer data inputmodel.CARTNATwas built using three
spatial component layers that represent the three core components of naturalness:
(Layer 1) biophysical integrity; (Layer 2) spontaneity of process and (Layer 3) spatio-
temporal continuity. Layer 1 used a weighted overlay to combine spatially explicit
data on built elements and vegetation as well as water, crops and proxies for land use

(only two layers are shown for ease of representation but see methods and Fig. 6 for
full details). Layer 2 combined two spatial models on built density and road type (see
methods). Layer 3 modelled ecological flow using a resistance layer and a source
layer (see the “Methods” section formore details). Layers 1–3were then combined to
produce Layer 4—CARTNAT.
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extract spatial data of relevance to fast-track national level protected area
(PA) planning which aims to strongly protect ecologically intact natural
areas now that are not currently under a PA designation.

Results
We found that the CARTNAT naturalness map of metropolitan France
performs significantly well at identifying areas which have already been
recognised as worthy of strong protection, under both French National
legislation and IUCN International designations36,37.

Larger areas of high potential naturalness in green (with higher
CARTNAT scores) are predominantly found inmountainous areas such as
the Alps and the Pyrenees. These are the areas where the landcover has
remained in an intact natural state. This is unsurprising given that topo-
graphical factors such as steep slopes and limited road access represent a
barrier to intensive land use. Extremes of seasonal climate are another factor
limiting intensive land use human activity in these areas. Zooming into the
map reveals that there are smaller pockets of high naturalness to be found all
over metropolitan France (see Fig. 4 for more details).

The median CARTNAT values for Category I and II protected areas
were 516 and 515, respectively. Values for other IUCN Categories were
significantly lower: median value for Category III was 355; Category IV 377;
Category V 394 and for the null model 305. Comparison of CARTNAT
potential naturalness scores for protected areas inmainland France grouped
by IUCN category showed a significant difference—Kruskal–Wallis chi-
squared = 987.94, p = 2.45e−211, df = 5 (see Fig. 2). Between group com-
parison found significant differences between Ia and groups III, IV, V, and
the null model, but not group II. There were significant differences in
CARTNAT values between group II and groups III, IV, V, and the null
model. This demonstrates that areas identified by CARTNAT as of high
naturalness potential correlate well with protected areas already designated
under IUCN guidelines for their ecological intactness.

The French protected areas strategy (SNAP) aims to strongly protect
10% of France and the French Government have legally defined those

protected area types that offer strong levels of protection36. The median
CARTNAT values for strong protection normal areas were 397 and 380,
respectively. The median value for the null model was 305. CARTNAT
mean potential naturalness scores for protected areas in mainland France
with a normal level of protection differed significantly from those with a
strong level of protection, or the null model: Kruskal–Wallis chi-
squared = 1244.77, p = 5.02e−271, df = 2 (see Fig. 3). Between group
comparisons showed significant differences between all pairwise combi-
nations of the three groups. This demonstrates that areas identified by
CARTNATas of high naturalness potential correlatewell with areas already
considered worth of strong protection under French legislation.

Naturalness is recognised in France as a key landscape attributeworthy
of protection and the definition of naturalness used in the SNAP35 which
aims to strongly protect 10% of France by 2030 is directly based on the
definition used in our analysis. We have shown that CARTNAT performs
significantly well when tested against existing areas in France considered to
beworthy of strong protection36. Yet withinmainland France, only 0.77%of
the top 10% of areas of high naturalness potential identified by CARTNAT
are currently strongly protected by a National Designation. Similarly, only
0.53% of the top 10% areas of CARTNAT high naturalness potential areas
are protected by a suitable IUCN category (Ia or II). 2.7% of the top 10% of
high naturalness areas are not covered by any protected area designation at
all. Current estimates suggest around 1.8% of the total area of mainland
France is currently protected by a strong designation38, so thesefigures seem
consistent with what we would expect though it would be highly unlikely to
find a direct spatial overlap between the top 10% of CARTNAT and the
current strongly protected areas.

With official figures stating that <2% of France is strongly protected,
the question remains where the French Government will find the
remaining 8% to meet its own 10% target under the SNAP35 for 2030?
With strong protection currently covering less than 1% of the top 10% of
those areas identified by CARTNAT as having high naturalness potential,
the remaining 9% represent key ‘search areas’ to meet this national goal

Fig. 2 | Comparison of CARTNAT mean potential naturalness scores for pro-
tected areas in mainland France grouped by International Union for the Con-
servation of Nature protected area category.Groups present in France and shown
are as follows: Ia—Strict Nature Reserve, II—National Park, III—Natural Monu-
ment or Feature, IV—Habitat/Species Management Area and V—Protected

Landscape, as well as the null spatial model. Summary result across all groups is
Kruskal–Wallis chi-squared = 987.94, p = 2.45e−211, df = 5. Grouping bars then
show significant pairwise differences between groups. Ia and II are not significantly
different, III–V are not significantly different, and the null model is on its own. Box
plots show median values.
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by 2030 (see Fig. 4 for a visual representation of how CARTNAT can
support this).

In line with national, European and International objectives, identifying
and reviewing these search areas should be a participatory process supported
by spatially explicit decision support tools. Within the SNAP this as an
iterative process across multiple scales, beginning with National scale defi-
nition of objectives and then regional level review with local NGOs and
environmental organisations of potential target areas to meet these objectives.
This allows local actors to discuss potential options based on expert knowl-
edge, supported by existing spatial data on priority species and habitats. In
line with the original aims of the European Parliament’s 2009 Resolution on
European Wilderness22, and the Wild Europe definition of wilderness23,
CARTNAT provides this additional standardised spatial data. This supports
participatory consultation on existing unprotected areas that are important
for priority species and habitats, which are also high naturalness potential,
and are therefore obvious candidates for strong protection going forward.
Indeed, several regional initiatives are already underway which are testing this
participatory approach with local decision makers using CARTNAT as part
of the SNAP approach (see Fig. 5. and discussion for examples).

Discussion
By developing a robust high-resolutionmodel tomap naturalness potential,
that mobilises the best data available at the national scale, our analysis
highlights a keymethodological process to support National, European and
International protected area conservation objectives. Integrating data on the
potential naturalness of landcover and landscape connectivity with data on
the degree of human influence in those same landscapes allows us to
highlight potential new protected areas in a way that can be easily under-
stood by decision-makers and policy makers. Mapping these landscape
attributes along a continuum and at 20m resolution means that local scale
nuances in landscape quality can be incorporated into both national and
regional scale discussions and planning.

The importance of intact natural landscapes was highlighted in the
European Commission’s resolution on Wilderness which invited member

states to identify and map the remaining ‘pristine areas’ in Europe which
‘should be regarded as a unique asset and benefit from the highest level of
protection [and] should not be diminished or degraded’22. At the national
level in France this goal was reinforced and quantifiedby PresidentMacron,
who called for the protection of 30% of the French territory of which a third
(10%) should be preserved as areas of ‘complete naturalness’, or ‘pleine
naturalite’21. Moving beyond policy goals to conservation action, requires a
spatially explicit approach based on clear definitions and data models that
can accurately represent these definitions as areas on themap. This has been
one of the major challenges facing the mapping of intact landscapes, which
has been troubled by debates around contested terms such as ‘wild’ or
‘wilderness’39–41. These terms are problematic in the European context,
where human influencehas beenmore significant, andpersistedover longer
time frames42. To identify a way forward the IUCN French Committee
working group on wilderness hosted a series of debates and discussions
during the period of 2012–2016which concluded that a logical way forward
was to remove the dominance of the human perspective from these defi-
nitions and focus instead on the idea of the naturalness of the landscape25.

Protected area working definitions of wildness are in fact already
dominated by ecological criteria (‘be of sufficient size to protect biodiversity;
to maintain ecological processes and ecosystem services; characterised by a
high degree of intactness: containing a large percentage of the original extent
of the ecosystem, complete or near-complete native faunal and floral
assemblages…’37,43. In this sense the concept of naturalness is not linked to a
human centric view of nature nor dependent on human perceptions of
landscape44. Based on a review of the literature we have argued that it refers
instead to the intrinsic properties of species and habitats and consists of
three key components: biophysical integrity; spontaneity of processes; and
spatio-temporal continuity24. The key advantage of this definition from a
mappingperspective is that it allowsus tomove beyondgeneral descriptions
of the idea of naturalness as found inpolicy, tohighlight key landscape facets
that can be spatially represented using high-resolution data. In addition, it
develops the concept of hemeroby45 tomeasure human impact on flora and
vegetation and captures the degree to which a habitat is removed from its

Fig. 3 | Comparison of CARTNAT mean potential naturalness scores for pro-
tected areas in mainland France. Comparison of CARTNAT mean potential nat-
uralness scores for protected areas in mainland France grouped by normal and
strong protection—defined by the FrenchGovernment—with the null spatialmodel.

There are significant differences between all three group combinations.
Kruskal–Wallis chi-squared = 1244.77, p = 5.02e−271, df = 2. Grouping bars then
show significant pairwise differences between groups. Box plots showmedian values.
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‘potential natural vegetation’ state by human activities46. Hemeroby mea-
sures the magnitude of anthropogenic modification of a habitat, in relation
to its original or potential theoretical composition, taking local biogeo-
graphic conditions into account. Integrating hemeroby or biophysical
integrity into a map of naturalness allows us to place a landscape along a
continuum which ranges from ‘artificial’ to ‘original’. This continuum or
landscape gradient aspect of the definition is key from the perspective of
national scale mapping, given the lack, limited spatial scope and binary
nature of data describing natural or intact habitats47. Within France for
example, reliable landcover data is available covering the whole of the
French mainland at high resolution48 and specific categories such as vege-
tation or crop types can be ‘weighted’ in terms of their position on this
continuum based on expert opinion and a review of the literature. This
approach avoids the established issue of patchy ecological mapping based
only on limited records for the presence of a given species which is more
challenging to use as a decision support tool49.

The advantages of this spatially explicit national coverage are clear
when we look at specific policy objectives such as the EU Biodiversity
Strategy and the French SNAP. In line with the objective to strongly protect
10% of the French terrestrial area, CARTNAT can be analysed at the
national scale to identify the top 10% high naturalness potential areas.
Overlaying this top 10% with existing strongly protected areas allows us to
have a spatially explicit national vision of potentially important future
conservation areas (see Fig. 4). As described above these can form initial

search areas where additional data on priority species and habitats can be
mobilised as part of a consultation process with local authorities and con-
servation NGO’s. Indeed, there is a clear precedent within protected areas
policy for conservation strategies which aim to protect multiple aspects of
landscape in this way37. As conservation managers face the challenge of
accelerating biodiversity loss and climate change, multi-objective optimi-
sation strategies for protected area design have been shown to result in
improved overall outcomes50. The idea that natural ecological processes—a
‘self-willed land’51—should be factored into protected areas thinking to solve
conservation problems has been gaining ground for some time52–54. Pro-
tecting existing intact natural landscapes, and implementing passive con-
servation strategies which allow natural processes to determine ecological
trajectories is cost-effective at scale, in contrast to traditional conservation
focused on the active restoration and maintenance of specific habitat types
via human intervention55,56. As a spatially explicit metric, CARTNAT is also
compatible with increasingly popular conservation ideas such as passive
rewilding which also consider the naturalness of a landscape in terms of a
continuum and factor in both connectivity and human influence57.

Thismulti-objective approach is now being trialled as part of the initial
phases of the SNAPprogramme, as theymove fromnational scale targets to
regional level identification of potential new protected areas. In the
Provence-Alpes-Côte d’Azur (PACA) region of south-eastern France this
process is led by the Conservatoire d’Espaces Naturels (CEN) and the
Conservatoires Botaniques Nationaux (CBN). The high-resolution of

Fig. 4 | Map of mainland France showing high natural potential areas, existing
strong protection areas and all other protected areas. Top 10% areas of high
naturalness potential areas according to CARTNAT analysis (pale green) compared
with existing strongly protected areas in France (dark grey) and all other protected
areas in France (hatched fill). Zoom area 1 shows isolated pockets of unprotected
high naturalness (pale green) that could be considered for protection and connected
together. Zoom area 2 shows an existing cluster of areas of strong protection (dark

grey), surrounded by areas of normal protection (hatched fill) and areas of high
naturalness (pale green) that could be combined under strong protection to build a
network of large intact well protected high naturalness areas. Zoom area 3 shows
large contiguous areas of high naturalness (pale green) surrounded by areas of
normal protection (hatched fill) which could be candidate areas for a new area of
strong protection. Diameter of zoom areas is equal to 175 km (see also Fig. 5 and
discussion for details of examples).
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CARTNAT means that it is possible to query the map at a fine scale along
with locally available high-resolution data on biodiversity hotspots and
priority habitats, collected from a range of sources including botanical
surveys and citizen science programmes. Taking advantage of this, in the
PACA region a series of regional map products were developed to inform
local decision making on candidate areas for strong protection. (see Fig. 5).

This process of consultation for the SNAP, incorporating CARTNAT
along with local species and habitat data, is ongoing at the regional level
within the PACA and Auvergne-Rhône-Alpes (AURA) regions. In parallel
to these regional level ‘hotspot’ analyses using local level data, Patrinat have
started a national level landscape connectivity analysis of French Protected
Areas usingCARTNATalongwith species and habitat data. Patrinat are the
expert group which deliver environmental analyses for the French Gov-
ernment on behalf of the French Natural History Museum (MNHN), the
French Office for Biodiversity (OFB) and the National Scientific Research
Centres (CNRS). Landscape connectivity is of critical importance to natural
ecosystems as suppliers of a wide range of critical ecosystem services such as
pollination and pest regulation58,59. The progressive fragmentation of the
landscape by human land use poses a particular threat to endemic animal
species which require large intact natural and well-connected areas60. A
significant number of conservation projects are predicated on the impor-
tance of connectivity to intact natural landscapes and aim to reduce land-
scape fragmentation61–63. Structural and functional connectivity are
recognised by environmental legislation within both EU and French
national strategies, and conservation targets for protected areas specify that
these areas should be well connected via green and blue infrastructure10,63.
CARTNAT has been chosen to support decision making on PAs con-
nectivity because its design means that areas of high biophysical integrity,
where spontaneous natural processes are not impeded, and which are also
well-connected, score highly in CARTNAT. The complexity and cost of
mapping species specific corridors at national scales, has led to a more

generalised approach to connectivitymodelling based on ideas of ecological
flow and landscape integrity64,65. This approach shows promise for identi-
fying corridors of interest for multiple species, especially those that disperse
longer distances66. Indeed, comparative studies of connectivity modelling
approaches have shown that naturalness corridors are more likely than
species specific approaches to support awider rangeof species, andmaintain
ecological processes that are essential for long-term biodiversity
persistence67. Careful design of a “species agnostic” approach based on
landscape naturalness producesmodelling results better suited to large scale
implementation in landscape planning68. As we show in Fig. 4, CARTNAT
is well suited to identifying the many high potential naturalness areas in
France which are not currently protected but which may already act as
stepping-stone areas to connect existing protecting areas. Protecting these
areas and linking them together using landscape scale conservation strate-
gies such as passive rewilding is an effective and scalable strategy to improve
the efficacy of the existing protected areas network69.

Future developments are planned for CARTNAT which will allow us
to more directly integrate additional data focused on target species and
habitats. New data on grasslands and natural and semi-natural habitats is
now being releasedwhich will highlight individual habitat networks—such
as freshwater, hedgerows and meadows—within the broader CARTNAT
framework70,71. Fine scale data on land use intensity and pesticides use are
still not available at the national scale for France but new plot level data has
been released on organic farming in France which can be used as a proxy to
capture a broader range of impacts on the naturalness of the landscape.
Initial analysis of data for a range of species has also shown that CARTNAT
predicts where species sensitive to human disturbance will be found, vali-
dating its potential as a decision support tool for conservation planning for
target species communities even when only patchy occurrence data exists72.
Ongoing research using ecoacoustics has also shown that CARTNAT nat-
uralness values correlate strongly with human cultural values for intact wild

Fig. 5 | Assessment of existing protected areas and
scenarios for their future development for the
Provence-Alpes-Côte d’Azur region of France.
Four scenarios are presented: A “Biodiversity Hot-
spots” which identifies potential areas for the
expansion of the existing protected areas network
based on biodiversity hotspots for 10 taxonomic
groups. B “Priority Gaps” which identifies potential
areas for the expansion of the existing protected
areas network based on priority species and habitat
types. C “High Naturalness” which identifies
potential areas for the expansion of the existing
protected areas network based on areas of high
naturalness based on CARTNAT; and D “Multiple
Objectives” which identifies potential areas for the
expansion of the existing protected areas network
based on a combination of the first three approaches
equally weighted. Image courtesy of Sophie Vallée,
Conservatoire Botanique National Alpin, and Vir-
gile Noble, Conservatoire Botanique National
Méditerranéen.
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landscapes and biological indices73, highlighting the potential of the
soundscape as a framework for integrating social and ecological con-
siderations into spatial planning for PAs. Together these future develop-
ments will improve our understanding of how the naturalness of the
landscape relates to long-established conservation themes such as priority
species and habitats, making it useful for spatial analysis across a broader
range of policy objectives. This includes for example IUCN Resolution 127
which calls for a cessation of logging in old-growth forests in Europe74.
Overall, these developments ensure that CARTNAT will remain a key
dataset to support National and regional decision making on the identifi-
cation of new areas for strong protection in France going forward. The high
resolution of CARTNAT also means it will continue to remain useful into
the future as the focus in the SNAP shifts to local level decisionmaking and
implementation. Beyond France, spatial analytical methods like those used
in CARTNAT, which factor in biophysical integrity, spontaneity of pro-
cesses and spatio-temporal continuity, have the potential to support
country-level decision making across Europe in respect of EU Biodiversity
strategy targets for 203010 and the upcoming EUNature Restoration Law75.

Methods
Study extent and development
CARTNAT was developed for the area of Metropolitan France which
includes the island of Corsica and is the largest of the European Union
countries (~13% of the European Union’s surface). It covers an area of
nearly 550,000 square kilometres (210,020 squaremiles) and apopulationof
65.25 million people. Along with a broad altitudinal range (0–4807m.a.s.l.)
the geographical position of France withinmainland Europe and its diverse
climate and geology places it at an ecological crossroads spanning four key
biogeographical regions including Alpine, Atlantic, Continental and Med-
iterranean. It is home to 40% of plant species that are to be found in Europe,
and 75% of priority threatened habitat types in Europe. Over 25 different
types of protected areas are found in France meeting various national,
European and international regulations76.

We used a multi-criteria evaluation (MCE) approach to combine
spatial datasets describing properties of the landscape in line with our triple
faceted approach tomapping naturalness. Data sources were identified via a
search of French data repositories, and through institutional contacts
including the French Natural History Museum (MNHN), the National
OfficeofForests (ONF) and theFrenchNationalMappingAuthority (IGN).
Data models for the three facets were developed in conjunction with expert
members of the IUCNworking group onWilderness and Nature Ferale25,77

(GTWNF). An iterative process of testing the resulting data models on a
representative subset of French departments and feeding the results back to
the expert group for discussion lasted for the duration of the project,
2016–2020.

Based on this iterative process selected data sets with full coverage of
the study area and of thematic relevance to each of the individual layers
were retained for use in the production of the three CARTNAT com-
ponent layers (1) Biophysical integrity, (2) Spontaneity of processes and
(3) Spatio-temporal connectivity. Full details of all datasets used and
specific weightings for individual classes are included in Supplementary
information (see Supplementary Information–Section 1). The three
thematic layers were then combined into a final map of naturalness using
equal weighting. Here we describe additional information on the indi-
vidual data layers:

Layer 1—biophysical integrity
Input data included vegetation, buildings, transport networks (roads and
rail) rivers and water bodies. For vegetation this included information on
natural and managed vegetation such as woodland species (BD Foret 2),
crop type (RPG) and naturalness of rivers. All vector data was rasterised
at 20m resolution using ArcGIS Pro78 and the choice of weightings for
the attributes given within individual input layers were based on a review
of the literature (see for example, ref. 46), and in consultation with the
thematic subgroups of the GTWNF and specific data producers such as

the French Geographical Institute (IGN). For each dataset in the bio-
physical integrity layer, the experts scored each specific component of the
dataset in order to build a consensus. To facilitate this process weights
were assigned using the range 0 (very low naturalness) to 80 (very high
naturalness) and this weighting process was integrated into the ongoing
consultation process with the GTWNF. This created an ongoing process
for map development for the duration of the project based on expert
weighting of input layers and working group review of the results. We
note that whilst data on the naturalness of rivers was available, no
equivalent data set on the naturalness of water bodies (>7.5 m) is cur-
rently available. As a result, while considerable time was given to
reviewing the literature and in discussions with experts, it was concluded
that a cautious approach should be taken with only a limited set of
surface water body types given high naturalness scores (see Supple-
mentary Information—Section 1).

Naturalness of a given forest species varies greatly based on its spatial
location within France. In consultation with experts from the forestry
commission and botanical research institutes, data on forest cover was pre-
processed using a sub-model (GRECO Forest Model) to split France
according to a pre-existing classification for large ecological regions within
France79. A key stage in this process involved a group of five French forestry
experts who independently allocated naturalness weightings for a given tree
specieswithin the different ecoregions and final weightings were then based
on an average across the group (see Supplementary Information—Sec-
tion 1). An additional spatial model was then built to incorporate the
probability that a given area of native forest had remained relatively
undisturbed during the last few centuries (high probability natural forest
model—HPNFM). This model incorporated spatial data on forest cover in
Metropolitan France from the 18th and 19th centuries (Cassini et Etat-
Majormaps, respectively) as well as data on slope steepness. Slope steepness
is strongly linked to the probability of forest exploitation and based on
discussion with forestry experts slopes greater than 30% were retained as
areas where forest exploitation is far less likely due the challenges and costs
of logging. Highest scoring areas in the HPNFM were covered by forest in
the 18th century, and in the 19th century, are alsoon slopes greater than30%
and are still covered bynatural forest according to theGRECO forestmodel.
We note that several challenges remain notably that we do not have inter-
mediary data on forest cover between the Cassini and Etat-Majormaps and
that to date there is no spatially explicit data on forest management, hence
the need to use slope as a proxy.

All retained data and the outputs of the sub-models were combined
using the mosaic function in ArcGIS Pro78, which allows for the value of a
given pixel in the final layer to be determined by the order in which data
layers are processed. Data was written into the raster in the following order:
built and linear elements such as roads, land use data, naturalness of rivers
and surface water; forest cover (incorporating the HPNFM and GRECO
ForestModels); crop types and vegetation. Any remaining small gaps in the
data were filled with the OSO-CESBIO-THEIA landcover map for France80

(see Fig. 6).

Layer 2—Spontaneity of process
Layer 2 aims to measure the degree of human influence on natural
processes. In this layer, the spontaneity of processes is understood to be
inversely proportional to human influence. Two key indicators were
calculated to quantify human influence: building density and distance
from roads. The presence of buildings is a well-established proxy for
human presence81. Building density was preferred to population density
because it can be measured in a spatially explicit way. In France, popu-
lation density is measured by council area and does not allow us to
reconstruct the heterogeneity of population density within council areas.
All built surfaces in France were included and a density calculation for
built-up areas was performed in ArcGIS Pro78 using the focal statistic
tool. This tool calculates for each input cell location a statistic of the
values within a specified neighbourhood around it. The radius of density
was chosen by an empirical method, and we first tested three distances of
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radius (500m, 1 and 2 km) and kept the best compromise between visual
representation of reality and the normal distribution of the resulting data.

Road construction allows access to areas that were previously inac-
cessible, and the presence of roads constitutes a proxy for human influence
on areas near to roads82.We can therefore assume that the closer a space is to
a road, themore this spacewill be frequented and influencedbyhumans. To
produce an index of road distance, we calculated the Euclidean distance
from each point in Metropolitan France to the closest road. To take into
account both the type of road and the proximity to several roads, we first
computed the distance to the first road by type of road. We used the
‘importance index’ of the road from the data attribute table as a proxy
measure for road traffic. This index is from 1 (most frequented roads) to 6
(for very little used roads)48.We then summed the 6 resulting raster layers by
weighting each type of road by a weighting coefficient in order to give more
weight to the roads with the most traffic. In the final model proximity to a
road with a high traffic volume is considered to receive more human
influence. The sum of six layers also makes it possible to take into account
the cumulative proximity of several types of roads.Combining thiswith data
on built density provides a composite proxy for the likelihood of human
influence impacting negatively on the spontaneity of natural processes. The
two layers, road distance and built density, were combined with equal
weighting to take into account the similar effect of these two proxies on the
spontaneity of process. Sensitivity analysis for the equal weighting approach
used throughout the CARTNAT spatial model has demonstrated it is a
robust strategy for combining these types of thematic layers and has
minimal effect on the final result (See Statistics below for overall sensitivity
analysis).

Layer 3—Spatio-temporal connectivity
Layer three aims tomap the structural connectivity of the landscape, and as
such resistance to movement is modelled as a function of landscape nat-
uralness. A connectivity modelling approach that combines a non-species
specific, landscape integrity approach with omnidirectional circuit flow
modelling can be used to map the wider connectivity of the natural land-
scape at regional scales83. Compared with traditional least-cost modelling
approaches, an omnidirectional analysis of relevance to multiple species
provides a greater breadth of insights into which landscape features are
critical to support conservation policy and wider biodiversity goals84.

Connectivity was modelled using the Omniscape software package85 and
two input layers—a resistance layer and source layer. The resistance surface
was constructed using Layer 1, which was inverted and stretched to 1–1000
in line with the literature86. This layer was buffered at the national boundary
and terrestrial-marine interface to reduce the impact of artificial edge
boundaries on themodellingprocess87. The source input layer, also basedon
Layer 1, classified all pixels using an equal area approach into 10 classes,
where the most natural habitat areas were given the highest weighting
(importance) as sources for ecological flow. In line with the aim ofmapping
the structural connectivityof the landscape, as opposed to a species dispersal
modelling goal, a radius of 5 km was chosen to provide a local permeability
analysis which models ecological flow and highlights well connected high
naturalness areas (see for example, ref. 88). To the knowledge of the authors,
Layer 3 represents thefirst non-species specific spatially explicit connectivity
analysis at the national scale in France.

Statistics
For the purposes of analysis, the top 10% of CARTNAT was selected in
ArcGIS Pro78 using an equal area quantile split into ten classes. Data for
protected areas was sourced from the World Database on Protected Areas
(WDPA)89. Strong protection areas were selected from this database based
on current French legislation defining those protected area designations
which meet the criteria for strong protection36. The Extract by mask and
statistics toolswere used tocalculate values for thepercentage ofCARTNAT
high naturalness areas that were covered by strong protection, IUCN
categories I–V, or unprotected. Zonal Statistics as Table tool was used to
generate mean values for CARTNAT within the protected areas.

The null-model was created using the random point tool in ArcGIS
Pro. A series of random points (n = 5000) were generated based on the
number of protected areas. These points were then buffered out into
polygons equivalent in size to themedian area of protected areas in the PAs
dataset. Polygons intersecting existing PAs were removed and as above the
Zonal Statistics tool was to calculate mean values for CARTNATwithin the
polygons.

All statistical analysis was done using R-Studio90 and Figs. 3 and 4were
produced using the ggbetweenstats package91.

A sensitivity analysis was conducted to determine the robustness of the
finalCARTNATmapproduct to differentweightings of the three core input

Fig. 6 | Data model for Layer 1 of CARTNAT showing sub-models and compo-
nent layers. Layer one “biophysical integrity”was built using expert weighting of key
spatial layers available at the national scale for France. Where possible spatial layers
were improved using sub-models that take advantage of historical data and regional

variation based on ecoregions (GRECO native forest model and high probability
forest model). Final input layers are shown as well as the priority order in which they
were combined to produce the final layer.

https://doi.org/10.1038/s43247-025-02160-0 Article

Communications Earth & Environment |           (2025) 6:279 8

www.nature.com/commsenv


layers in the model design. Given the anticipated use of CARTNAT as a
decision support tool for identifying priority areas for protection, a dual-
pronged strategy was used. This combined a sensitivity analysis approach
which considered four alternativeweightings based onpotential stakeholder
preferences, with a standard Monte Carlo simulation approach with 100
random iterations of the weightings. The stakeholder analysis assessed
variation in the identificationof the top 10%highnaturalness areas basedon
different stakeholder weightings. The sensitivity analysis demonstrated that
the CARTNAT spatial model design was robust to variations in layer input
weighting (see Supplementary Information—Section 2).

Data availability
The spatial data for the three input layers for CARTNAT as well as the final
CARTNAT mapping product developed by the current study are available
for download here: https://doi.org/10.6084/m9.figshare.28430936. Supple-
mentary data on spatial attribute weightings is available in Excel format for
ease of use along with high-resolution versions of the figures here: https://
doi.org/10.6084/m9.figshare.28304081.
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