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Article history: The need for soil data has largely increased worldwide given the growing general concern about the maintenance
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as a means for answering this demand. In France, the national soil mapping strategy has been defined in the early
1990s within the Soil Inventory, Management and Conservation Programme (IGCS) and based on conventional
soil mapping approaches. Now, small-scale soil map coverage of France has been almost achieved, soil data
needs have evolved and DSM approaches have matured. The question therefore arises of what should be the fu-

’,;fg'iwtjrfji‘l mapping ture soil mapping strategy in France so as to foster soil mapping, better answer end-users needs and raise societal
Mapping accuracy concern about soils. To answer this issue, we present in this paper a prospective analysis of the French national
Foresight study soil mapping strategy, which included i) a survey of the needs and difficulties expressed by producers, managers
Reference areas and users of soil data and ii) a foresight study of potential future scenarios for the development of soil mapping
Business model that takes advantage of DSM approaches. The survey indicated that soil information needs are high in terms of

soil attributes, spatial resolution and accuracy and go beyond the data and maps presently available for France.
The survey also showed that DSM methods remain little known outside the academic sector. The foresight
study led to two main outputs. The first is to propose two complementary spatial sampling strategies for new
data acquisition: i) upgrading the density of observed soil profiles to homogenize the accuracy of 1:250,000
soil maps for France and ii) improving the knowledge of local soil distribution patterns in the French regions
by developing detailed mapping of reference areas, representative of the local soil patterns. The second output
is a set of four possible scenarios for the development of soil mapping that differ according to the expected
level of concern about soils that may exist in France in the future. The comparison of the scenarios led to several
recommendations for favouring soil mapping, acquisition of new soil data and dissemination of soil knowledge.
The recommendations include awareness raising about soil mapping and its potential for answering many envi-
ronmental challenges, capacity building of soil surveyors and soil data users for DSM approaches, and improved
quality assessment of soil maps to guide users and stimulate new investments of map producers. This certainly
involves renewed public support before market development of soil mapping activities can take place and be-

come the main support for soil mapping in France.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction ecosystem resources and services (Harteminck and McBratney, 2008).
The development of digital soil mapping (DSM) supported by the in-

The need for soil data has largely increased worldwide given the creased availability of spatial data (digital elevation model, satellite im-
growing general concern about the maintenance and recovery of agery) has been seen and promoted as a means for answering this
demand (McBratney et al., 2003; Minasny and McBratney, 2016;
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1, France. a similar or higher performance of this approach compared to conven-
E-mail address: marc.voltz@inrae.fr (M. Voltz). tional soil mapping (Kempen et al., 2012; Collard et al., 2014), thanks

https://doi.org/10.1016/j.geodrs.2020.e00334
2352-0094/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.geodrs.2020.e00334&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.geodrs.2020.e00334
mailto:marc.voltz@inrae.fr
https://doi.org/10.1016/j.geodrs.2020.e00334
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/geodrs

M. Voltz, D. Arrouays, A. Bispo et al.

especially to the use of data mining approaches and exploitation of many
environmental covariates. Moreover, DSM has very attractive function-
alities to enable quantitative predictions of soil classes and soil proper-
ties, uncertainty estimations, fine resolution mapping grids or to
provide a reproducible quantitative spatial prediction model and the ca-
pacity to easily upgrade soil maps when new data become available. The
GlobalSoilMap project (Sanchez et al., 2009; Arrouays et al., 2014) and
now the Global Soil Partnership of FAO have stimulated the application
of DSM at national, continental and global scales (e.g., Bui et al., 2006;
Odgers et al., 2012; Adhikari et al., 2013; Hengl et al., 2015; Mulder
etal, 2016; Viscarra Rossel et al., 2015, Padarian et al.,, 2017). These ini-
tiatives have already led to the production of digital soil maps over
whole countries that estimate soil properties or soil classes at fine spatial
resolutions ranging between 20 and 200 m. In addition, the production
of digital soil maps has also emerged at regional and local scales
(e.g., Grinand et al., 2008; van der Klooster et al., 2011; Lemercier
et al., 2012; Vaysse and Lagacherie, 2015; Richer-de-Forges et al.,
2017; Santra et al., 2017). Accordingly, Minasny and McBratney (2016)
concluded in their paper about the history and future of DSM that it
has now shifted from a research phase into operational use.

This shift is real but is not sufficient per se for enabling most de-
mands for soil data and maps to be fulfilled in the near future, for
which there are at least four challenges to be met.

First, it must be stressed that DSM techniques are still mostly led by
scientific staff from universities, research institutes or state agencies,
who represent only a small proportion of soil surveyors and staff in-
volved in land resource management. To generalize soil mapping by
DSM approaches and more largely to amplify soil mapping across the
world, there is a need to attract as many land resource managers as pos-
sible to DSM, and it is therefore necessary to invest in training for build-
ing interest and capacity.

Second, the national digital soil maps produced over the last decade
were often completed using the legacy soil data available in each country.
Regardless of the intrinsic performance of DSM methods and the spatial
resolution and accuracy of the auxiliary variables used, the accuracy of
the mapped soil classes and properties ultimately depends largely on
the available soil data that are used for training (Vaysse and Lagacherie,
2015; Somarathna et al,, 2017). Because the density of the available leg-
acy data is often low, typically from 1 per 800 km? (Hengl et al., 2017)
to 1 per 30 km? (Mulder et al., 2016), many produced digital soil maps ex-
hibit accuracy that limits their use essentially for planning purposes
(e.g., Helmick et al., 2014; Ashketar et al., 2014; Samuel-Rosa et al.,
2015; Vaysse and Lagacherie, 2015, 2017). Moreover, the type of data
available does not cover the range of soil data needed (Richer-de-
Forges et al., 2019; Samuel-Rosa et al., 2015; Arrouays et al., 2017; Zare
et al., 2018). To meet the demand for soil data requested for many man-
agement purposes at field and local scales (e.g., Samuel-Rosa et al., 2015;
Richer-de-Forges et al., 2019; Zare et al., 2018), the sole move from con-
ventional mapping techniques to DSM is not enough in itself if it is not ac-
companied by prospects of acquiring new soil data that will increase the
spatial density of soil information and the range of observed soil attri-
butes (e.g., Arrouays et al,, 2017; Zare et al,, 2018; Farzamian et al., 2019).

Third, DSM basically depends on the development of soil and geo-
graphical information systems that can provide soil attributes and soil co-
variate data at satisfactory spatial density. Many efforts have already been
made and are still under way (e.g., Hollis et al., 2006; Arrouays et al.,
2017), but much must still be done to collect, harmonize and store the
needed data to make them easily accessible and usable to all potential
users of soil data at global, continental, national, regional or local scales.

Last, but not least, is the cost issue associated with DSM. Although
the cost of conventional soil mapping approaches has been evaluated
in the past (e.g., a series of papers by Bie and Beckett, 1970, 1971;
Beckett and Burrough, 1971; and Burrough et al., 1971), the implemen-
tation cost of DSM has received little attention until now (Kempen et al,,
2012; De Gruijter et al., 2016) and may be an obstacle to the dissemina-
tion of DSM. Ways to study this issue are not only to evaluate the costs
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but also to ask potential users of soil information whether they see eco-
nomic value in soil information and are willing to pay for digital soil
maps. Diafas et al. (2013) conducted a web-based survey of stake-
holders at the European scale to evaluate their willingness to pay. The
response rate was rather low but revealed that, among the respondents,
significant willingness to pay increased with the resolution and accu-
racy of the maps. This finding is positive for DSM but certainly has to
be confirmed because it may vary depending on the type of stakeholder
and the current practices for environmental data acquisition and dis-
semination in each country.

For those countries that recognize that DSM has the potential for
transforming and stimulating soil surveys and soil knowledge, the men-
tioned challenges, namely, disseminating DSM techniques, stimulating
new data acquisition schemes, developing user-friendly and open soil
information systems and evaluating the economic value of digital soil
maps, need to be addressed in any national soil survey programme. If
such programmes already exist and have been based on conventional
soil mapping approaches, they certainly need now to be profoundly
adapted. In France, the national soil mapping strategy has been defined
within the Soil Inventory, Management and Conservation Programme
(IGCS) that is driven by GIS Sol (Group of Scientific Interest for Soil,
that includes research institutes and governmental bodies and agencies
concerned with soil issues) and used to be based on conventional soil
mapping approaches. The current strategy was defined in the early
1990s. Since that time, small-scale soil map coverage of France is now
fairly well achieved, soil data needs have evolved, DSM approaches
have matured and public funding for soil information has decreased in
part. The question therefore arises of what should be the future soil
mapping strategy in France so as to foster soil mapping, better answer
end-users needs and raise societal concern about soils.

To answer this issue, in this paper, we present a prospective analysis
of the French national soil mapping strategy. This analysis was recently
completed under the auspices of GIS Sol, Ministry of Agriculture and Sci-
entific Council of the IGCS programme, who mandated the authors of
this paper, a group of soil scientists, including researchers and practi-
tioners, to carry out a comprehensive analysis including i) a survey of
the needs and difficulties expressed by producers, managers and users
of soil data and, finally, ii) a prospective analysis of potential future sce-
narios for the development of soil mapping that take opportunity of
DSM approaches and that are technically and economically sustainable.
The results of the survey were fully presented in a report in French
(Arrouays et al,, 2018) and in part in an international journal paper
(Richer-de-Forges et al., 2019), whereas the results of the whole analy-
sis were presented in a report to the Ministry of Agriculture and to GIS
Sol (Voltz et al., 2018) as well as at the joint workshop for digital soil
mapping and Global Soil Map that was held in March 2019 in Santiago
de Chile. Here, we report on the second step and discuss some of the
conditions for the development and implementation of DSM in France.
In the following, we first review the current state of the soil inventory
programmes in France and examine, on the basis of the survey results,
the present needs and concerns expressed by producers and users of
soil data relating to the production, dissemination and use of maps.
We then describe the technical options we elaborated for a new soil
mapping programme in France in order to answer the surveyed needs.
Eventually, we present and discuss a foresight exercise that produced
four scenarios for the development of soil mapping that differ according
to the level of concern about soil and to the socio-economical context
that may prevail in France in the next two decades.

2. Present state and issues of the French soil inventory programme
IGCS

2.1. Achievements of IGCS

The IGCS programme has inventoried soils at various scales by ap-
plying mainly conventional soil survey approaches. Its main outputs
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are a cartographic representation of the spatial distribution of soils, in
the form of soil mapping units (Arrouays et al., 2004 ), and a national
soil information storage system, DoneSol, managed by the French na-
tional soil data centre InfoSol in Orléans. The IGCS programme has 3
sub-programmes defined according to the scale of the soil survey. The
first is the Regional Pedological Reference Framework (RRP), which
aims to obtain an exhaustive knowledge of soils at a 1:250,000 scale
(Laroche et al., 2014). The second is the Pedological Knowledge of
France (CPF) sub-programme, which focuses on medium scales
(1:100,000 to 1:50,000) and aims to improve knowledge of soil diver-
sity and distribution laws on the basis of their formation factors
(Richer-de-Forges et al., 2014). Finally, the third is the Reference Area
(SR) sub-programme, which aims to carry out large-scale soil studies
(approximately 1/10,000) over small reference areas to address agricul-
tural or environmental issues at the local level, with the possibility of
extrapolating the acquired soil knowledge to the small regions sur-
rounding the reference areas (Favrot, 1989).
These three sub-programmes have several features in common:

(i) acoordination by INRAE InfoSol of a set of regional partners, from
the academic and research sectors or from the agricultural or en-
vironmental sectors, having soil survey expertise and ensuring
the implementation of soil surveys at the local level;

(ii) a harmonized approach to data acquisition, described in detail by
Arrouays et al. (2004);

(iii) capitalization of all data collected in a single national information
system, called DoneSol (Grolleau et al., 2004), which now in-
cludes approximately 70,000 soil profiles and 97,000 soil auger
descriptions;

(iv) scientific coherence and consistency ensured by the National Sci-
entific Council of the IGCS programme (CS IGCS).

For two decades, the priority of funding has been given to the com-
pletion of exhaustive coverage of the French territory at the 1:250,000
scale. As shown in Fig. 1, the RRP programme is nearly complete. All
maps and related soil information have been made available through
the national soil information system on the web and are regularly uti-
lized. However, given the small scale of the RRP, there is a growing
need for more detailed soil data. In this respect, it must be recognized
that the two other sub-programmes are far from the entire coverage
of France because the CPF and SR programmes cover only

Mapping scales from
50,000 to 100,000

Mapping scale at 250,000
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approximately 37% and 17% of France, respectively. Moreover, it is not
possible to consider that these programmes will be achieved in a rea-
sonable time period given the expected future public funding. A new
agenda has therefore to be defined that remains reasonable in cost,
identifies new funding sources, takes advantage of new methodologies
and, eventually, allows us to answer as closely as possible the present
soil data needs for end users.

2.2. Main results of a survey of soil data producers and end users

The survey consisted of two questionnaires, one sent to map pro-
ducers and the other to current or potential end users (Richer-de-
Forges et al., 2019; Arrouays et al., 2018). The questionnaires included
a broad range of questions (up to 92 for map producers and 67 for
end users) that covered practical, technical, scientific and economic is-
sues. A total of 875 surveys were sent to people from 676 different orga-
nizations; 271 people responded (52 producers and 219 end users). We
briefly report the results of the survey that are important to consider
when designing future soil mapping programmes in France.

Concerning the practical, technical and scientific results of the sur-
vey, a detailed presentation was made by Richer-de-Forges et al.
(2019); therefore, we only present the main conclusions that emerged:

- The spatial resolution and accuracy provided by available conven-
tional soil maps are not fine enough for the needs of many users.
DSM approaches are therefore desirable to develop fine resolution
mapping grids of soil attributes. Accordingly, map producers agree
that the existing soil geographical databases need to be extended
and densified.

- The list of soil attributes currently available in geographical soil data-

bases needs to be expanded. A larger number of attributes relating to

soil structure and soil water behaviour are requested, whether ob-
tained by measurements or by pedo transfer functions. Information
about soil depth when deeper than the usual auger depth is consid-
ered important for many uses. The need for soil biodiversity attri-
butes was also cited. Eventually, a need to move from maps
predicting soil “capability” to maps predicting changes in soil “condi-
tion” emerged. Note that soil capability and soil condition concepts

were defined by McBratney et al. (2014).

DSM methods have spread in the academic sector but remain little

or not known in the state agencies and private sectors. Although

Mapping scales larger
than 50,000

0-:1(“00 kilometres

|:| In progress

- Completed maps

Fig. 1. Status of progress of soil mapping in mainland France and Corsica according to the mapping scales (established in August 2019).
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most producers and users of soil data declare to be interested in DSM
methods, the majority of them understand neither how exactly they
work nor their potentials and limits. Awareness raising and capacity
building are clearly prerequisites for putting DSM into real opera-
tional use in France.

- End users, and even some map producers, are confused about uncer-
tainty issues. The implicit link between spatial resolution and uncer-
tainty is frequently wrongly made. Many feel that if the size of the
support is finer, then it will include more reliable and accurate se-
mantic information. Furthermore, map producers do not always
communicate about the uncertainty of their maps, and many end
users simply do not know how to use uncertainty or how to commu-
nicate it. The development of methods for estimating uncertainties is
therefore essential but also of methods for communicating about
mapping uncertainties and for using them in modelling and decision
making.

Concerning economic issues, the survey attempted to analyse what
soil map producers and users had in mind as business models for stim-
ulating the production of new data and the use of available data. For ex-
ample, Fig. 2 shows the answers to the question “Who should be in
charge of the production of soil data and maps in the future?”. The result
was similar for map producers and users. A clear majority considered
that the public sector with public funding should be in charge, and
only a very few expressed the idea that the commercial sector should in-
vest in soil mapping given potential economic returns. In line with these
results, users did express a rather small willingness to pay for the differ-
ent kinds of works related to soil surveys (see Fig. 3). In summary, the
survey shows that certain conservatism exists towards the current eco-
nomic model of soil data production in France, which is dominated by
public funding. According to the comments that accompanied the sur-
vey, this apparent economic conservatism is also justified by the fear
of the risk of privatization of soil data, considered de facto as a public
good, and by the risk of non-sustainability of soil information systems
if the production and management of soil data were entrusted to the
commercial sector. Thus, an exclusively commercial model is unani-
mously rejected. Nevertheless, producers plan and wish that the pro-
cessing of soil data, and in some cases, the provision of data, should be
subject to a charge.

3. Technical specifications for a new soil inventory programme and
related costs

The development of technical options for a new soil inventory pro-
gramme identifies several possible ambitions for improving soil map-
ping knowledge in France and assesses their technical implementation
costs. This is based on two main choices that we assume critical to an-
swer the needs of end users in terms of soil attributes, resolution and
accuracy:

% of responses
0 10 20 30 40 50 60

public service —.‘

commercial sector

no response
[

m producers [Jusers

Fig. 2. Responses to the question ‘Who should be in charge of the production of soil data
and maps in the future?’.
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% of responses
5 10 15 20 25 30 35

o

acquisition of new soil data for
mapping purposes

production of a soil map

supply of soil data from soil
information sytem and/or soil
data analysis

support for use of soil maps

no response

UL

Fig. 3. Responses of end users to the multiple choice question: ‘For which of these works
would you be willing to pay?’.

- The intensity of characterization of the soil profiles that will be used
for mapping.
- The spatial sampling design of new soil profiles.

It is expected that digital soil mapping will be the main mapping ap-
proach in any future soil inventory programme and will take advantage
of both the available legacy data and new soil data. The choice among
DSM methods is not considered a critical choice to be included in the
technical specifications of a national inventory programme. Indeed,
the choice is large and expanding, and it has to be made specifically
for each mapping area according to the nature of its pedological vari-
ability and the availability of soil data and of soil covariates. Moreover,
although the application of digital mapping methods has a cost, we as-
sume that it is not going to vary too much according to the method
used and will not have an impact on the differences in cost between
the technical options.

3.1. New specifications for soil characterization

The new specifications were defined with several objectives: (i) to
be compatible with the specifications of the GlobalSoilMap project
(Arrouays et al.,, 2014), (ii) to meet users' needs in terms of soil proper-
ties as expressed in the survey, and (iii) to take into account the techni-
cal and economic feasibility of observing the targeted properties. As a
result, soil characterization depths have been defined, up to 2 m deep
where possible, to estimate property values for the 6 standard
GlobalSoilMap depths but also for the soil horizons identified when de-
scribing the soil profile. The final list of target soil properties includes
the 12 main GlobalSoilMap properties (see Table 3.2 in Arrouays et al.,
2014) as well as total calcium and nitrogen contents and extractable
and total phosphorus contents. All these new specifications go beyond
those currently being implemented in the IGCS programme. The cost
of characterizing a profile was estimated based on the current costs of
profile excavation, soil description, sampling and analysis that are un-
derway in France (Table 1). It is estimated to amount on average to
2000 €, including taxes, per soil profile.

3.2. New spatial sampling strategies
Two main complementary spatial sampling strategies were consid-

ered. The first aims at ensuring complete coverage of France with soil
maps of known and similar accuracy that can serve for studies at
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Table 1
Total cost estimate for one soil profile (in €).

Duration Costs of Direct costs  Total
in hours working (without costs
hours” VAT)

Before digging the soil profile

1,1 Contacting the farmer and/or 1 85 85
the landowner

1,2 Preparing the material and 1 85 85
logistics

2 Profile digging, description and sampling

2,1 Travel and mission expenses 2 170 200 370

2,2 Locating and digging the soil 1 85 300 385
pit using an excavator
machine

2,3 Soil profile description and 2 170 170
sampling

3 Posterior operations

3,1 Managing, preparing and 1 85 30 115
sending samples

3,2 Entering data into the soil 2 170 170
information system

3,3 Chemical analyses™ 419 419

4 TOTAL without VAT 850 949 1799

*On the basis of a man-day cost of 680 € (i.e., 85€/h).
** Estimate based upon an average of 4 horizons per profile and applying standard an-
alytical costs according to INRA Central laboratory rates in 2018.

national or sub-national scales. The second aims at providing precise
soil knowledge at fine scales throughout France for local soil
management.

3.2.1. Standardizing and upgrading the spatial density of soil data in France

This first strategy intends to standardize the accuracy of mapping
between French regions and increase the average accuracy currently
provided by the 1:250,000 soil maps. It will provide the opportunity
to develop more precise DSM approaches than those carried out to
date at national or regional levels.

To grossly estimate the total number of new soil profile observations
that would be necessary for standardization, we computed for all French
small agricultural regions (SAR) the number of additional profiles
needed to meet a fixed minimal spatial density of soil data in each re-
gion. In doing so, we assume that the stratification of France in SAR rep-
resents approximately the variation in elementary spatial soil patterns,
which should benefit each of a minimum density of soil observations.
The SAR are agricultural census units that combine several districts
that are supposed to have the same agricultural production systems
and rather homogeneous soil scapes. They were defined by the French
Ministry of Agriculture. Their number is 713, and their average agricul-
tural area is 355 km?, whereas their average total area is 576 km?. Thus,
the limits of SAR are close to those of small pedological regions, which
should ideally be considered but for which there is no national map
yet. It must be noted that standardizing the density of soil profiles
does not ensure the standardization of mapping accuracy because the
variability of soils clearly differs between regions. However, because
the local patterns of soil are not known everywhere, standardizing the
density is currently a first step towards accuracy standardization.

To compute the number of new profiles, we considered two soil
properties whose observation densities were at the extremes of the ob-
servation densities of the main soil properties stored in the DoneSol na-
tional soil database: organic carbon (OC) and cation exchange capacity
(CEC). Over mainland France, OC exhibits approximately 50,000 mea-
surements for topsoil and 16,000 for 30-60 cm layers, whereas CEC
has been measured for approximately 27,000 topsoils and 18,000
30-60 cm layers. To illustrate the differences in observation densities
between the two soil properties and between the SAR, Table 2 gives
the basic statistics of the density of observations for the two soil proper-
ties between the SAR. Note that the density is computed by the number
of hain a region divided by the number of available soil observations at
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a given depth, which in turn leads to a density expressed as a number of
ha per soil observation. For organic carbon, the densities in the SAR
range between less than 20 ha/soil observation for topsoils to more
than 145,000 ha/soil observation at 60 cm depth, whereas for cation ex-
change capacity, they range from 56 ha/observation for topsoils to al-
most no data at all at 60 cm depth. Fig. 4a shows the number of
additional soil profiles to be sampled and observed for a given targeted
minimal sampling density in all SAR for the two soil properties and two
soil depths, whereas Fig. 4b shows the cost of acquiring these additional
soil profiles to reach a given minimal density.

It is important to note the considerable effort required to bring the
entire French territory to the minimum densities that are requested to
assign the best quality levels to the 1:250,000 soil maps, namely,
4000 ha per soil profile for the “advanced level” and 2000 ha per soil
profile for the “optimum level”. These levels are the potential two tar-
gets we chose for the standardization strategy. Their costs amount to
15 M€ and 36 ME, respectively. They both represent significant steps to-
wards improving soil knowledge at national and regional scales.

3.2.2. Investing in detailed mapping of reference areas in small agricultural
regions

For users concerned with soil management at plot-scale or farm-
scale resolution, it is important to know the local variability of soils.
This requires, in principle, large-scale soil maps and/or high-density
soil data. None of these is currently available throughout France. As
shown in Fig. 1, in many areas in France, there is no medium- or
large-scale soil mapping. Moreover, even if the option of standardizing
soil data density over French SAR to a minimum of 1 soil profile per
2000 ha is implemented in the future, it is far from the requested densi-
ties for high-accuracy and high-resolution digital soil mapping. For ex-
ample, Somarathna et al. (2017) showed in a nice example over a
study site of a few tens of km? in New South Wales that to capture
and map with optimal accuracy the local variation in soil organic carbon,
the training of most DSM models required a minimum of 15 samples per
square kilometre, that is, a density of more than 1 sample per 7 ha.
Clearly, the entire coverage of France with large-scale maps and high-
density soil data is out of reach from operational and economical per-
spectives. One possible solution is to build on an approach proposed
by Favrot (1981) in which reference sub-areas of a given region are
identified to represent the main soil distribution patterns (Lagacherie
and Voltz, 2000). These reference areas of small spatial extent can be
subject to detailed soil mapping and high-density soil sampling. In
terms of conventional soil mapping approaches, the reference areas en-
able us to define the main soil classes of the regions with limited cost
with their discriminating criteria and their properties. It is then possible
to allocate any site within the region to the predefined soil classes by
simple observations of the soil at the site (Favrot, 1989). The assump-
tion has been found to be reasonable in several test regions (Favrot,
1989; Lagacherie et al., 1995). In terms of digital soil mapping, the refer-
ence areas may provide relevant data sets for training DSM models to be
applied over the whole region. Preliminary tests were already per-
formed for mapping soil classes (Lagacherie et al., 1995; Lagacherie
and Holmes, 1997; Bui and Moran, 2003; Henrique et al., 2016;
Abbaszadeh et al., 2018) or soil properties (Voltz et al., 1997;

Table 2

Basic statistics of the density of observations, expressed as ha/soil observation, of organic
carbon and cation exchange capacity in the topsoil and at 60 cm depth between the French
small agricultural regions.

Depth Mean Minimum Maximum
Organic carbon Topsoil 2,785 19 42,721
60 cm 10,366 46 144,270
Cation exchange capacity Topsoil 10,564 56 361,206
60 cm 14,242 76 361,206
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Fig. 4. Additional sampling effort to be done for achieving a minimal sampling density in all small agricultural regions in France: a) number of additional profiles for organic carbon and
cation exchange capacity in the topsoil and at 60 cm depth, b) estimated average costs in euros. Note that power law models were adjusted to the number of profiles as a function of re-

quired minimum observation density.
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Fig. 5. Map of the percentage of area covered by soil maps at scales larger than 1:50,000 in
the French small agricultural regions.

Lagacherie and Voltz, 2000). We therefore hypothesize that the refer-
ence area approach can be a relevant technical strategy to deliver at rea-
sonable cost high-accuracy and high-resolution soil maps. Indeed,
further research must be performed to study how DSM models can
take advantage of large data sets over small reference areas and
whether the desired accuracy is attained.

The implementation of this strategy requires new sampling and
mapping of soils in regions where no detailed soil maps and soil data-
bases are already available. The map in Fig. 5 shows the percentage of
each small agricultural region that exhibits soil maps at scales larger
than 1:50,000. As a rule of thumb, Favrot (1989) suggested that to rep-
resent the soil distribution pattern in a given region, a reference area
should cover at least 1% of its surface. Accordingly, new detailed refer-
ence area mapping needs to be performed at least in all SARs with less
than 1% detailed soil maps, namely, 336 SAR out of 713. However, be-
cause we do not know whether the available detailed maps properly
sample the actual soil distribution of the SAR, it is likely that reference
area mapping must be extended to a larger number of SAR. If we con-
sider a threshold of 10% instead of 1%, then 490 SAR require reference
area mapping. The cost of implementation of a reference area, including

soil mapping and soil profile characterization, was estimated by the av-
erage cost of detailed mapping over 1000 ha with one soil profile per
35 ha. This amounts to 98,640 euros per reference area, which leads to
overall costs between 33 M€ and 48 M€ for the number of SAR ranging
from 336 to 490.

4. Scenarios for soil mapping development in France

To develop soil mapping in France and answer more closely the
needs of end users, we assumed that the IGCS programme had to
change and should have new aims and support. In this respect, it is
not enough to define technical strategies; it is also essential to foresee
how the interaction between stakeholders, producers and users of soil
maps should take place and what could be the funding and business
model of the programme.

Given the current state of available information and the uncertainty
of future economic and legal conditions, it seemed difficult to foresee a
single and robust scenario to support the production and dissemination
of soil mapping data in France. Accordingly, we chose to explore several
contrasting scenarios and to evaluate their consequences rather than to
propose a unique scenario that could very quickly become obsolete de-
pending on the evolution of the socio-economic context and the posi-
tioning of the various stakeholders concerned. An advantage of
studying multiple scenarios is the ability to analyse the actions to be
taken to:

- support the best development of soil mapping under any scenario
that may emerge,

- identify ways to favour one scenario over the others,

- collect the additional information necessary to identify the most ap-
propriate and realistic scenarios.

To identify contrasting scenarios, we followed a qualitative forecast-
ing approach that was inspired, with simplifications, by a prospective
study conducted recently on vineyard under climate change (France
Agrimer, 2016). Following this approach, a panel of experts, namely
the authors of this paper:

- defined a common representation of the soil mapping “system” in
France and a set of contrasting hypotheses about the future of its
key components.

- developed the scenarios by choosing and linking in a consistent way
the hypotheses of the key factors of the system.
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Fig. 6. Schematic representation of the soil mapping system.

- evaluated the developed scenarios according to their capacity to in-
tensify soil mapping in terms of territorial coverage, accuracy and
range of soil descriptors, as well as their ability to facilitate the use
of the mapped soil data by end users.

The first three steps were completed through panel discussions,
whereas the evaluation was done individually by each expert to avoid
the biases from group dynamics, where participants may stick to stated
or leader opinions. It should be noted that the output of the forecasting
exercise is closely linked to the diversity of backgrounds of the panel ex-
perts. Here, the absence of experts from the economic and social sci-
ences certainly reduced the field of possibilities (number of
hypotheses and combinations of hypotheses) that served to build the
scenarios.

4.1. Representation of the soil mapping system and hypothesis
identification

Fig. 6 presents the main stakeholders of the soil mapping process
and the information and economic fluxes between them. One can note
that producers of soil data are distinguished from producers of soil
maps. Conventional soil surveyors often do both, but with the develop-
ment of digital soil mapping, the two functions may be separated and
taken on by different specialists, i.e., soil surveyors on one hand and spa-
tial data modellers on the other. The figure also identifies several drivers
of soil mapping. Some directly influence the vitality of soil mapping. Re-
search and development provide new and more efficient soil mapping
methods, such as DSM. Capacity building helps soil mappers to improve
their technical skills; quality assessment stimulates soil mappers to in-
crease their mapping performance and provides insight to end users
about the potentials and limits of the produced soil maps. Other drivers,
such as legal regulation or economical context, relate to the overall soci-
etal context and exert an indirect but still very significant influence.

For each component of the figure, stakeholder or drivers, panel dis-
cussions led to the formulation of two or more contrasting assumptions
about the possible state of the component in the future. In all, this led to
35 assumptions. For capacity building in soil mapping, for example, as-
sumptions were about who is in charge of it and what would be the
level of training costs. Three options were defined: public sector with

small costs for trainees; private sector with higher training costs; shar-
ing between private and public sector with variable costs. For the pro-
ducers of maps, assumptions distinguished between an option where
a national soil data centre with qualified staff manages most mapping
applications and another option where there is a large number of inde-
pendent public or private consultancy offices with varying qualifica-
tions that manage soil mapping on request. The set of hypotheses is
described in detail in Voltz et al. (2018).

4.2. The four forecasted scenarios

The scenarios were developed by starting from a main assumption
on the level of concern about soils that may exist in France in the future,
which we believe to be the major driver, though not the only one. Four
levels of concern were distinguished, and accordingly, four scenarios
were developed by choosing for each component of the soil mapping
system in France the assumption that was the most consistent with
the level of concern chosen and the assumptions made about the
other components. In Table 3, we present a summary view of the four
scenarios and their main assumptions. Hereafter, we present the ratio-
nale behind each scenario.

Scenario SO1, called “Business as usual”, maintains the current state
of concern and investment about soils in France. Soil knowledge is rec-
ognized as necessary to manage some well-targeted societal issues
(protection of drinking water plants, protection of agricultural land
against urbanization, waste management, etc.), but soil resources are
not a priority for public authorities on the same level as other resources
such as water. Accordingly, there is no change in the legal framework for
soil data, and many data cannot be freely disseminated because they be-
long to those who collected them or fall within the framework of the
European Directive 2016/680 for the protection of individuals. Future
soil mappings are mainly financed by public funds from different
sources (Government, European programmes, Water Agencies, local au-
thorities, etc.), which remain limited. Standard specifications for soil
mapping and quality assessment procedures are maintained at the na-
tional level by the IGCS programme and are mandatory only for publi-
cally funded maps. Soil data collected with public funding are stored
in the DoneSol national soil database but cannot all be freely
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Table 3
The four scenarios developed in the qualitative forecasting study.
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SO1

S02 S03 S04

Socio-political context level of concern about Business as usual

soils

Soil is a common resource
(EU soil framework directive)

Soil is a private resource  Soil is private but also

of common interest

Legal context/soil data
Funding
Dissemination of soil data

Open in part
= Public funding
National data centre

Fully open data
7 Public funding
National data centre reinforced

Private data
N Public funding
National data centre

Private data

No public funding
No national soil data
centre

Capacity building (DSM) Public support Public support No public support Public support
National regulation Quality assessment Quality assessment No quality assessment Quality assessment
(mandatory) (mandatory) (optional)
New data acquisition
2 Homogenisation 4000 ha per profile 2000 ha per profile No No
7 Reference areas Yes Yes Yes Yes

disseminated. Capacity building will be mainly managed by academic
groups in universities and by InfoSol.

In this scenario, it is expected that the target of 1 soil profile per
4000 ha can be met for France and that a significant number of reference
areas could be launched by local authorities and, to a lesser extent, by
the commercial sector. However, the full coverage of the French terri-
tory with reference areas will be hardly attainable within a reasonable
delivery time because funding is expected only in small regions that
will have short-term soil survey needs.

Scenario SO2, called “Soil is a common resource”, considers that new
and strong public policies are being put into place to support the devel-
opment of soil knowledge and its integration into societal issues and to
promote private initiative. In this scenario, a Soil Framework Directive
for protecting soils (see Directive proposal (CEC, 2006)) would have
eventually been adopted by the European Commission. In France, a
law is passed that recognizes soil as a public good and makes it manda-
tory to carry out soil studies prior to any land-use planning project, as
well as to characterize the soil when there is a change in land use or
ownership. The principle of capitalizing soil data in a national database
in a standardized format is affirmed. The legal context concerning soil
data has changed and establishes the pre-eminence of the public inter-
est in these data over their confidential nature, which makes it possible
to freely disseminate and transfer them. An important programme for
standardizing and improving the mapping accuracy of French soils is
launched. Standard specifications and quality assessment procedures
are defined and promoted for all soil mappings performed in France,
whether funded by public authorities or by private individuals. Soil
data stored in the DoneSol National Soil Data Centre increase drastically
and are freely disseminated. Capacity building is reinforced by estab-
lishing a national soil resource centre that not only manages the na-
tional soil data centre but also provides support and training to all soil
surveyors and soil mappers in France and coordinates an intensive
R&D programme for developing DSM methods.

In this scenario, it is expected that the target of 1 soil profile per
2000 ha can be met for France and that all SAR without high-
resolution maps, including those that will not have short-term needs
in the soil survey, will benefit from reference area mapping.

Scenario SO3, called “Soil is a private resource”, corresponds to a
low level of concern about soil security in French society. Therefore,
no public policy is defined for the knowledge and consideration of
soil in societal issues, and the pre-eminence of the confidential na-
ture of soil data over their public interest prevails. Public funds for
developing and organizing soil mapping in France progressively dis-
appear. No incentive is given for capitalizing new data in the national
soil data centre or for disseminating standard specifications and qual-
ity assessment procedures for soil mapping. In the same way, capac-
ity building and R&D on soil mapping are not supported and remain
only in a few academic groups. In practice, this means that the IGCS
programme is suppressed.

In this scenario, it is expected that no progress in the standardization
of soil data density will be achieved at the national scale but that
medium- or high-resolution maps will still be produced and that there
will be potential economic return of soil information or its interest for
local authorities, but will neither be shared nor capitalized.

Scenario S04, called “Soil is a private resource but also of common
interest”, is an intermediate scenario between scenarios S02 and SO3.
Asin SO3, no new public policy is defined for the knowledge and consid-
eration of soil in societal issues, and only private initiative is promoted.
However, as in SO2, public regulation is still implemented to ensure the
transparency and quality of mapping operations as well as the mainte-
nance of possibilities for capitalizing on new data and maps acquired.
This means that the IGCS programme is focused on the maintenance
of the national soil data centre and the elaboration and implementation
of quality insurance procedures.

In this scenario, as in SO3, no significant progress in the standardiza-
tion of soil data density at the national level is expected; only medium-
or high-resolution maps are expected to be ordered by local stake-
holders. However, capitalization of soil data will continue, and end
users will be informed about the existence and quality of the soil
maps produced.

4.3. Evaluation of the scenarios

The multi-criteria evaluation, presented in Table 4, is essentially
qualitative in nature. It evaluates the adequacy of the different scenarios
for the objective of improving spatialized soil knowledge and its appro-
priation by users. The evaluation was done by personal judgment by
each expert. The numbers in Table 4 correspond to the average rating
of the experts for each criteria. We considered two types of criteria:
i) those measuring progress in spatial soil knowledge and ii) those ex-
pressing the level of appropriation and concern about soil issues by
end users and society.

Scenario SO1 is evaluated as providing only a slow progression of
soil knowledge. It builds on the progress of the current IGCS pro-
gramme. It would not allow response to many requests of the end
users and would not have a new leverage effect to raise societal aware-
ness of the importance of protecting soil resources. Indeed, it would also
not solve the difficulties concerning the dissemination of data, the
weakness of the available soil expertise, and the gap between the
need for high resolution and accurate soil data and the available data.

Scenario SO2 is obviously the scenario perceived as the most
favourable for the progression of soil knowledge. It involves a higher
public investment at the national level but should also encourage signif-
icant additional private or public investment at the local level, moti-
vated by regulations that promote soil characterization and data
capitalization. This scenario is expected to lead to significant progress
in terms of systematic knowledge of the soils of France.
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Scenario SO3 is the one that is judged most negatively. In terms of
soil data acquisition, mapping accuracy and use and appropriation of
the soil issue by society. The perception of this scenario is, however,
only slightly lower than that of SO1 because it is expected that the pri-
vate sector may compensate in part through funding and initiatives.
However, the fact that in this scenario, the driving force for improving
soil knowledge depends strongly on local initiatives, whether public
or private, raises serious concerns about a lack of capitalization and dis-
semination of soil knowledge, which may lead to a less dynamic pres-
ence of France in international soil programmes. It can be noted that
in financial terms, the overall effort of this scenario is estimated to be
similar to that of SO1 but with a major contribution from the private
sector.

Scenario SO4 corresponds to a version of SO3 with national regula-
tion. It is therefore judged more favourably for many criteria than SO3.
Regulation is supposed to enhance the quality of maps and soil data
capitalisation and dissemination at the national level. However, regula-
tion alone is not expected to strongly correct the risks of territorial
imbalances in soil knowledge and difficulties in participation in interna-
tional programmes.

5. Discussion

Hereafter, we discuss several main issues raised in the survey of pro-
ducers and users of soil data and maps in light of the potentials and
limits of DSM and of the forecasted scenarios.

5.1. Match and mismatch between available soil data and end users' needs

Harteminck and McBratney (2008) noted a massive demand and
need for soil information. The survey of end users of soil data we con-
ducted in France confirms this. In their analysis of the survey, Richer-
de-Forges et al. (2019) indicated that the current soil information that
has already been acquired during past soil surveys and is available in
the French national soil data infrastructure meets a number of the
needs of end users. However, there are a number of other needs that
are not satisfied. Among them are many soil attributes that have been
little or not observed up to now, a better spatial resolution and accuracy
of soil maps, and the move from predicting the potential functionalities
of soils to predicting their current functional conditions. DSM will un-
doubtedly help to facilitate and develop soil mapping, increase mapping
accuracy, and move from the soil class to soil attribute predictions
(Minasny and McBratney, 2016; Arrouays et al., 2017). However, it can-
not compensate for a lack of data in terms of spatial density
(e.g., Somarathna et al., 2017) or a range of soil attributes. This should
be made very clear to land managers and end users of soil data to stim-
ulate their investment in both adopting and training in DSM approaches
and gathering new data. This is all the more necessary in France because
the survey has revealed that awareness and understanding of soil map-
ping approaches, whether digital or conventional, and soil data infra-
structures, are still low. Thus, contrary to the very positive Australian
experience in the dissemination of DSM techniques (Minasny and
McBratney, 2016), awareness raising about soil mapping and its poten-
tial for helping to answer the numerous environmental challenges fac-
ing us is still a pre-requisite for any new soil inventory programme in
France. In this respect, public support is certainly necessary as in scenar-
ios SO1 and SO2.

5.2. Quality assessment of digital soil maps

Estimation and release of uncertainty measures of soil maps appear
to be essential issues according to both the survey and the forecasted
scenarios. This is due to several reasons. First, the survey showed that
uncertainty measures are not fully understood by soil surveyors and
end users, especially in the case of digital soil mapping. Second, know-
ing the uncertainty of soil maps is becoming even more crucial because
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with DSM approaches, it is possible now to have several competing dig-
ital maps for the same territory at similar spatial grid resolutions
(e.g., Caubet et al., 2019). Thus, the users of soil data will need to have
criteria to select the map that is the best for their own usage and to
know what they pay for if the maps are produced by the commercial
sector. In addition, if soil map quality is not assessed, there is no incen-
tive to produce precise maps. This is why we anticipated that quality as-
sessment should be part of national regulation of soil mapping in the
scenario forecasting exercise.

5.3. Capacity building

There is a consensus among the DSM community that training is a
key factor in the dissemination of digital soil mapping (Minasny and
McBratney, 2016; Arrouays et al., 2017). Our survey supports this opin-
ion in several aspects. Capacity building should be directed to both soil
surveyors for mastering DSM and new proximal sensing techniques
but also to end users for understanding the scientific and economic
value of soil maps.

5.4. Business model for soil mapping in France

According to our estimation, investment needed to homogenize soil
data density across France and to make reference area maps available in
all SAR amounts between 48 and 84 M€. Costs related to data treatment,
data management and capacity building can be foreseen as large as the
soil survey and sampling costs (Voltz et al., 2018). Regardless of the pro-
spective scenario, public funding from governmental bodies cannot be
expected to answer all of these investment needs. During the last few
years, public funding decreased at times due to difficult economic con-
ditions and also due to a general trend to transfer part of the central gov-
ernment missions to the commercial sector that is assumed to provide
better economic growth or to local authorities in accordance with the
subsidiarity principle. However, there is no clear view of the current
and potential investments at local levels, from public or commercial sec-
tors, for developing soil mapping. Indeed, there are many crucial land
management issues faced by local stakeholders that require better
knowledge of soil capability and condition. However, are the stake-
holders aware of the economic value of soil information and are they
willing to pay for this? The development of soil mapping depends on
the answer, which so far remains unknown. Diafas et al. (2013) per-
formed a choice experiment in a European survey that revealed a signif-
icant willingness to pay for high-resolution and high-accuracy maps.
This positive result is, however, different from the conclusions of our
survey, which can be explained by the type of respondents in the choice
experiment of Diafas et al., who were predominantly, up to 89%, from
public administrations, universities and research organizations, with
only a few (9%) from private companies (i.e., the number of respon-
dents). We therefore believe that more thorough market studies
would be beneficial to identify the possibilities and exact conditions
for market development of soil mapping, especially for local stake-
holders. In the scenarios, it is assumed that regulation of soil mapping
by fixing standards and assessing quality may be one lever for adding
value to soil maps and in turn for stimulating investments from public
and private sectors.

The development of DSM is an opportunity to favour new invest-
ments in soil mapping because it is flexible, easy to apply and cost-
effective (Kempen et al,, 2012). Nevertheless, renewal of mapping tech-
niques is not everything; new stakeholders should take part in soil map-
ping, and former stakeholders must adapt to end users and to
commercially oriented soil mapping activities. To initiate these changes,
a number of actions must be implemented: awareness raising, capacity
building, developing reliable and user-friendly soil data infrastructures,
and defining quality assessment procedures. All these actions are al-
ready more or less promoted by public stakeholders, academic groups
or some government agencies, but they are still too limited to have a
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Table 4
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Multi-criteria evaluation of the four forecasting scenarios. The rating of each criterion follows the following principle: 2 to 3, very good progression; 1 to 2, good progression; 0 to 1, weak or
no progression; —1 to 0 regression; —2 to —1 strong regression. Rating numbers in italics indicate high variability, i.e., greater than two classes, between assessors.

Scenario SO1 S02 SO3 S04
Indicators measuring progress in spatial soil knowledge

Number of soil data points per ha 1.3 2.8 1.8 1.5
Range of mapped soil properties 2.1 2.9 0.6 1.5
Accuracy and resolution of soil maps 1.1 2.8 0.9 1.3
Homogeneity of soil mapping coverage of France 1.4 2.3 —0.4 —0..1
Amount of soil data stored in the national soil data infrastructure 1.3 2.5 —0..9 0.6
Indicators expressing the level of appropriation and concern about soil issues by end users and society

Number of jobs in the soil mapping sector 1.1 2.6 1.3 1.4
Ease of soil data access 1.3 2.6 —-1.0 0.1
Intensity of use of soil knowledge in main societal issues 1.3 2.9 0.7 1.1
Level of concern of soil security issues in societal issues 1.3 2.9 0.8 0.8
Presence of French soil mapping initiatives in international programmes 1.6 2.6 —1.1 —0.4

real leverage effect. Scenario SO2, and in part, scenarios SO1 and SO4,
can support these actions in the future.

6. Concluding remarks

In this study, we obtained the opinion of soil mappers and of soil
data users about their needs and difficulties and completed a forecasting
exercise for the conditions of development of soil mapping in France
based on an extensive implementation of DSM techniques. We consid-
ered a set of four scenarios that basically differed following the level of
societal concern about soil security issues. It is not our expertise to iden-
tify which scenario is the most likely and the most realistic. However, by
examining the four forecasted scenarios and their positive and negative
aspects, it is possible to recommend a number of actions that should be
part of a renewed soil inventory programme in France:

- Supporting new soil data acquisition by standardizing spatial data
density in the national Soil Information System and developing
fine-resolution soil mapping through the reference area approach
focused on local user needs.

- Improving the networking of soil mapping activities at the national
scale by building a national organization of soil surveyors and soil
data managers, reinforcing the national soil data centre, developing
capacity building in DSM and setting up a national regulatory body.

- Developing a market of soil data services by studying conditions for
market access.

- Supporting several research needs, namely:

extending DSM applications to reference area extrapolation to pro-

duce high-resolution and high-accuracy maps of soil properties,

studying sampling designs for new data acquisition and for optimal
application of DSM,

developing proximal and remote soil sensing and enlarging the

range of mapped soil properties,

studying the ways of expressing uncertainty estimates so they be-

come understandable and usable by end users.
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