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ABSTRACT ARTICLE HISTORY
Recent institutional and policy frameworks prescribe the incorporation of ecosystem services Received 30 August 2018
(ES) into land use management and planning, favouring co-production of ES assessments by ~ Accepted 29 December 2018
stakeholders, land planners and scientists. Incorporating ES into land management and
planning requires models to map and analyze ES. Also, because ES do not vary indepen-
dently, many operational issues ultimately relate to the mitigation of ES trade-offs, so that
multiple ES and their interactions need to be considered. Using a highly accurate LULC KEYWORDS

database for the Grenoble urban region (French Alps), we mapped twelve ES using a range Ecosystem service mapping;
of models of varied complexity. A specific, fine-grained (less than 1 ha) LULC database at ecosystem service bundles;
regional scale (4450 km? added great spatial precision in individual ES models, in spite of land use and land cover;
limits of the typological resolution for forests and semi-natural areas. We analysed ES bundles ~ Meuntain landscapes
within three different socio-ecosystems and associated landscape types (periurban, rural and

forest areas). Such type-specific bundles highlighted distinctive ES trade-offs and synergies for

each landscape. Advanced approaches combining remote sensing, targeted field data collec-

tion and expert knowledge from scientists and stakeholders are expected to provide the

significant progress that is now required to support the reduction of trade-offs and enhance

synergies between management objectives.

EDITED BY
Maria Jose Martinez-Harms

1. Introduction Such a context strongly favours operational research
initiatives on ES, aiming at developing co-production
between stakeholders and land planners on the one
hand, and the required scientific expertise on the other,
for ES to be efficiently integrated in land management
and planning (de Groot et al. 2010; Bierry et al. 2015;
Klein et al. 2015). However, there are no standard meth-
ods through which ES may be accounted for in environ-
mental management (Maes et al. 2016; Burkhard and
Maes 2017). In practice, expert scientific knowledge is
mobilized on a case by case basis, as for example in
national ecosystem assessments (Schroter et al. 2016).
ES indicators for a given area may be used to assess
specific benefits of nature to society (Maes et al. 2016),
or combined to address ecological conditions (Burkhard
etal. 2012; Egoh et al. 2012; Crossman et al. 2013). Recent
studies of ES bundles, defined as repeatable positive
(synergies) and negative (trade-offs) ES associations in
space and time (Raudsepp-Hearne et al. 2010), have
confirmed the value of such analyses for supporting
environmental management and land planning based
on ecological understanding (Schirpke et al. 2013;
Cowell and Lennon 2014; Crouzat et al. 2015; Opdam
et al. 2015; Queiroz et al. 2015; Meacham et al. 2016; Bar6
et al. 2017; Spake et al. 2017). In particular such analyses

Since the Millennium Ecosystem Assessment (MEA
2005), and the formulation of the Aichi Biodiversity
Targets for conservation and restoration of biodiversity
and ecosystem services by 2020 (CBD 2010), ecosystem
services (ES) have become mainstreamed into policy and
practice. Building on this political status and on scientific
progress, the ES concept has been largely disseminated,
and is becoming integrated into regional to local political
decisions. At the European scale, a practical implementa-
tion of ES concepts and related strategies has been tar-
geted through the Water Framework Directive (2000) or
the Biodiversity Strategy to 2020. In France, the most
recent Law for Biodiversity and Landscapes (2016) expli-
citly incorporates ES into impact assessment and obliga-
tions for offsetting. The Ministry for Ecology has
implemented a national evaluation framework for eco-
systems and ES aiming to integrate ES into national and
local decision processes (EFESE 2013). This initiative
includes an explicit focus on methods of biophysical
and economic evaluation to support public decisions,
and in particular land planning. The objective is to
improve the way natural capital is accounted for in the
economy and in development projects.
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have highlighted heterogeneity in ES bundles across
adjacent municipalities or regions, along with the role
of decision-makers either in maintaining particular ES
bundles or in inducing a shift towards desired ES bundles
to match their management strategy (see also Locatelli
etal. 2017). These analyses also emphasise the interlinked
character of ES, as intervening on one ES (e.g., provision-
ing or cultural ES) impacts the supply and use of other ES
(e.g., regulating ES), changing the expression of the
whole ES bundle. Overall, ES bundle analyses tackle the
complexity of multifunctional landscapes while facilitat-
ing the dialogue among the diversity of associated bene-
ficiaries (Haida et al. 2016).

At local scales, incorporating ES in land manage-
ment and planning requires spatially explicit data for
mapping ES (de Groot et al. 2010; Maes et al. 2012).
Most ES models use Land Use and Land Cover
(LULC) maps as primary proxy data (Verhagen
et al. 2016; Lavorel et al. 2017). Nowadays, several
LULC maps are publicly available due to growing
interests in spatially explicit data in numerous fields.
Among available LULC maps, Globcover data
(worldwide), Corine Land Cover (Europe) and the
recently produced Land Cover CES in France
(©CESBIO-Theia, Inglada et al. 2017) are used most
commonly. However such publicly available LULC
maps are always produced at large spatial scale and
despite their common use at local scales, their limited
spatial resolution, typology and accuracy induce large
uncertainties in ES mapping (Eigenbrod et al. 2010).
High resolution maps may also be available at local
scales, but are usually restricted to a single type of
LULC. For instance, in Europe the Urban Atlas is
available for dense urban areas, and in France the
Registre Parcellaire Graphique (hereafter RPG) is
based on declarations of agricultural use by farmers
to claim European agricultural subsidies. However,
the specific typological information available in
these databases makes their direct use for ES mapping
impossible; furthermore the various objects repre-
sented in such bases are not congruent across data-
bases (different scales, different resolutions etc.), and
their mapped areas are not necessarily contiguous or
spatially exhaustive. Their use is therefore only pos-
sible in conjunction with other data sources in order
to constitute a continuous and exhaustive LULC map
at landscape or regional scale (Vannier 2011; Hubert-
Moy et al. 2012; Mathian and Sanders 2014). On the
other hand, remote sensing is frequently used to
produce LULC data meeting needs for local-scale
mapping in terms of configuration and dynamics
(Hansen and Loveland 2012; Giri et al. 2013;
Kuenzer et al. 2014). The best practice is therefore
to merge all available databases (public and remote
sensing-based) to produce a LULC map achieving
sufficient precision both in terms of resolution and
typology, in order to best capture local specificities.
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Merging heterogeneous data for mapping ES is
thus necessary and can produce great contributions
to a better spatial understanding of ES patterns (Cord
et al. 2017). But such an exercise may raise questions
about the adequacy between available data at the
desired scale and the complexity of local ecological
or social processes that ES maps aim to capture
(Spake et al. 2017). Studies often characterize the
areas associated to each ES bundle according to
their dominant LULC. For instance, ES bundles are
described as linking to ‘mosaic cropland - livestock’
areas, ‘forest and towns’ or ‘urban’ areas, among
others (Queiroz et al. 2015, see also Turner et al.
2014). In Crouzat et al. (2015) significant overlaps
between ES bundles and land cover types were used
to describe the landscapes associated to ES bundle
across the French Alps. At the European scale,
a recent ES assessment identified three typical bun-
dles strongly driven by main LULC classes (Mouchet
et al. 2017). Thus, existing studies often reveal ES
bundles associated with first-level LULC typology
(e.g. urban, periurban, agricultural, forest, and water
bodies). However, at local scale there is strong evi-
dence for variations in individual ES and in ES bun-
dles within broad landscape types and main LULC
classes, especially depending on management
(Lavorel et al. 2011; Lafond et al. 2017). In terms of
land planning and land management, understanding
these variations is critical to go further than simplistic
considerations related to spatial allocation of main
land cover classes. Understanding ES associations
beyond broad LULC classes thus stands out as an
underachieved challenge and requires considering
relevant landscape specificities for capturing more
relevant ES bundles such as semi-natural linear ele-
ments (van der Zanden et al. 2013) or detailed crop
sequences (2018).

This study combined three original aspects. First,
we developed an intensive participatory process over
more than 3 years to define, prioritize and quantify ES,
aiming to address stakeholders’ needs for managing
landscapes in the Grenoble area through the assess-
ment of ES bundles (Bierry and Lavorel 2016). Second,
based on these needs and on stakeholders’ local knowl-
edge, and given known limitations of broad scale bun-
dle analyses (Spake et al. 2017), we analysed ES
bundles within characteristic landscape types asso-
ciated with contrasted socio-ecosystems of the region.
Third, an unusually large set of 12 ES were modelled
and analysed using stakeholders and scientists’ expert
knowledge, skills and data. To implement this original
analysis of ES bundles, we: 1- used a very high resolu-
tion LULC database especially developed for ES
modelling in the Grenoble region (French Alps); 2-
analysed the relations between the LULC maps and ES
bundles within characteristic landscape types; 3- we
concluded by identifying contributions and limits of
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this approach to propose targeted areas of progress for
future studies.

2. Material and methods
2.1. Landscapes of the Grenoble study area

The Grenoble employment catchment area extends
over 4,450 km?, for a total population of nearly
800,000 and 500,000 jobs in 2012. This largely corre-
sponds to our study area, defined from the extent of
the economic influence of the Grenoble metropolitan
area (Figure 1). From the economic point of view,
the limits are defined by the land plans for the
Grenoble metropolitan area (Schéma de Cohérence
Territoriale; SCoT') and neighbouring mountain
areas (public inter-municipality cooperation estab-
lishments — EPCIs).

The Grenoble area is characterized by a variety of
physical and natural features defining the remarkable
diversity of its landscapes. The flat valley of
Grésivaudan favours the Grenoble urban sprawl,
a process also present in the Biévre plain district. Three
mountain ranges shape the area (Vercors, Chartreuse and
Belledonne), with natural and semi-natural landscapes
benefitting from numerous protection measures
(Natural Regional Park, conservation areas etc.).

Opverall, the Grenoble employment catchment area
includes 311 municipalities within a 50 km radius,
structured in ten EPCIL: Grenoble metropolitan area,
South Grenoble, Grésivaudan and Voiron urban area
(which together constitute the Grenoble Y’, thus
called due to its shape on a map), Chartreuse,
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Vercors (the two mountain ranges outside the SCoT
perimeter), Triéves, Matheysine South Grésivaudan,
Biévre-Valloire (plains and plateaus dominated by
agriculture).

2.2. LULC database

Vannier et al. (2016) and Lefebvre (2014) have
described in detail the data sources and methods used
to build our LULC database (Table 1, levels 1, 2, 3). In
short, we assembled, trimmed and cleaned the public
databases from IGN? ‘BD Topo’, Urban Atlas and RPG,
and pre-processed and projected RapidEye and MODIS
remote sensing data on the geometry of IGN ‘BD
Ortho’. These data sets were merged, segmented and
then photo-interpreted to correct typological errors and
complete uncharted areas in public databases. We thus
produced a spatially accurate database, with a typology
adapted to local needs (Table S1). An independent
photo-interpreter validated the resulting maps.

In order to further refine the description of agricul-
tural land use (Table 1, level 4), we used medium
resolution remote sensing data from MODIS
(Moderate Resolution Imaging Spectroradiometer).
Classification and validation methods are described in
Lasseur et al. (2018). In short, we classified images based
on the phenological properties of the different crop
types and using altitudinal and climate information.
This allowed us to produce a map of the major crop
types (winter, spring or grassland) at an annual time
step between 2008 and 2012. Aggregated over 5 years,
these maps supported the identification of prevalent

=0 Aquatic area
i Built-up area
|:| Agricultural area
- Forest area

i Semi-natural area

10Kkm

Sources: IGN

Figure 1. The Grenoble employment catchment area: location, physical geography and administrative boundaries.



Table 1. First column: Panel of selected ES; second column: indicator used to quantify the related ES; third column: model type according to Lavorel et al. (2017); fourth column: environment for ES

bundle analysis (P: periurban bundle; F: forest bundle; R: and mountain rural bundle).

Landscape types

P
X

Model Type
Macro-ecological
Macro-ecological

Proxy-based

Indicator

Vertebrate species richness, expressed in number of species/km?.
Plant species richness, expressed in number of species/km?.

Fauna
Flora

Biodiversity

Ecosystem Services

x

x

Crop energy yield (average over 5 years, expressed as Giga Joules/Ha).

Crop production

Provisioning

Proxy-based
Proxy-based

Forage energy yield (average over 5 years, expressed as Giga Joules/Ha).

Forage production
Wood production

Recreation

Estimated wood production in m3/ha/year (volume of wood cut at 7cm).

X

Phenomenological
Proxy-based

Outdoor recreation practice opportunities, expressed by a recreational opportunity index

Cultural

x

x

X

Amount of carbon stocked in above-ground and below-ground biomass as well as in dead organic matter and soils (expressed in tC/km?).

Contribution of the ecosystem to erosion risk mitigation, estimated by a non-dimensional discrete index [0;4].

Carbon stock
Erosion

Regulation

Phenomenological
Process-based
Process-based

x

Ecosystem ability to regulate water flows, expressed by a total annual infiltration indicator expressed in relative values.

Infiltration

Ability of forest to reduce rock fall risk on target areas, expressed by presence/absence of rockfall protection forest.

Nitrogen retention capacity by agricultural fields, expressed in t N/ha/yr).

Rockfall protection
Water quality
Pollination

Process-based

X

Phenomenological

Combination of demand and potential supply of pollination for agriculture, qualitative index.
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crop successions in the study area. These maps were
validated with RPG data, producing an overall accuracy
index (kappa index) varying between 0.78 and 0.82
depending on the year. This crop succession map was
integrated into our overall LULC map.

The resulting database has a 10 meters spatial resolu-
tion over a 4450 km? extent, with a minimal object size
0f0.01 ha, i.e, 100 m?, and a positional accuracy of 5 to
10 meters. The typology of this database includes 34
classes of land use/land cover (Supplementary material
S1), nested into four levels of precision. These encom-
pass built-up areas (residential and commercial/indus-
trial areas are distinguished, as well as road and railway
networks, etc.), agricultural lands (specifying crop suc-
cessions, grasslands, garden marketing plots or orch-
ards). Forested and semi-natural areas are described by
stands. The level of description of this typology is more
detailed than what is available in most public databases,
which corresponds to levels 2-3 of our typology,
depending on land-use type (level 1).

2.3. ES models

A collaborative, participatory process involving local
stakeholders, land managers and researchers working
on the study area was used to select a panel of ES
relevant to major landscape management and plan-
ning issues (Bierry and Lavorel 2016) (Table 1). First
the study area was divided into three characteristic
socio-ecosystems and associated landscape types
within which ES bundles was then analysed. Then
relevant ES were selected within each landscape type
for spatial analysis.

2.3.1. Main landscape types

Analysing available ES maps of all the French Alps
(Crouzat et al. 2015; Lavorel et al. 2016)
(Supplementary material S2) at the scale of the
Grenoble study area provides a characterization in
terms of ES of the landscapes and land uses that are
typical of the area (mountains vs. plains, urban sprawl
in valleys vs. forested areas in mountain ranges, flatland
vs. mountain agriculture — Figure 1). Piedmonts and
valleys dominated by agriculture (36% of the area) sup-
port food production and provide habitat for predator
species essential for biocontrol, and for plant and verte-
brate species with high heritage value. Mosaic landscapes
comprising multifunctional forests, grasslands and other
open habitats characteristic of the northern French Alps
(46% of the area) supply farming and forest products,
and support multiple regulation services including polli-
nation, carbon sequestration or water quality regulation;
they also support cultural services like tourism or pro-
tected vertebrate species. At the highest altitudes cultural
services dominate, including outdoor recreation, tourism
and hunting, along with habitat for plant and vertebrate
species of high heritage value (2% of the area). A small
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area (10% of the area) of semi-natural areas and forests
typical of the southern French Alps and of limestone
plateau rims are hotspots for the supply of regulation
services like carbon sequestration and erosion control, as
well as for tourism. Finally, specific forests located in
areas of geological or geomorphological risks (6% of the
area) protect infrastructure and houses from e.g.
rockfalls).

However, to go beyond what may appear as trivial
results and produce a more subtle analysis of the eco-
logical processes of the study area, the stakeholders
involved in our initiative suggested refining the analysis
by focusing on three landscape types of interest, based
on their knowledge, experience and on management
and planning priorities: periurban areas, forested areas
and rural areas in mountain regions. These were delim-
ited geographically in the following way:

e Periurban areas were characterized by a continuous
or semi-continuous residential area up to a distance
of 500 m, below an altitude of 500 m a.s.l. (the main
urban areas of Grenoble and Voiron are not
included in this geographical definition);

o Forested areas were identified as continuously
wooded tracts with a total area exceeding 400 ha;

e Rural mountain landscapes encompassed open
(i.e. non-forested) areas above 500 m a.s.l.

We then analysed ES bundles specific to each of these
three landscape types, considering only ES relevant to
each landscape (periurban, forest, mountain rural)
(Table 2).

2.3.2. ES modelling

The choice of the overall ES panel developed for this
study resulted from a co-constructed selection based
on (i) the interest for the local stakeholders and
relevance to management issues, (ii) researchers
available modelling expertise and resources, and (iii)
data availability for model implementation.

Briefly, forests managers target multifunctionality,
where i) profitable wood production is expected to
rely on regulation services (e.g. climate regulation,
erosion control) while ii) benefiting recreation and
tourism, flood and water quality regulation and iii)
being compatible with biodiversity protection.
Planning and management for periurban areas focus
on the balance between production agriculture and its
supporting services, multiple ES supplied by alluvial
forests and on flood regulation and cultural services
demanded by the urban population (landscape aes-
thetic value, recreation and protected plant and ver-
tebrate species). In mountain rural areas, priorities
consider the management of the landscape mosaic
shaped by livestock and wood production. These
provisioning services are sustained by regulating ser-
vices (erosion control, regulation of water quality and

quantity) and their production supports highly
valued cultural services (landscape aesthetic value,
recreation) and intrinsic biodiversity values (pro-
tected plant and vertebrate species) (Lavorel et al.
2016).

A total of 12 ES was selected (Table 1): two biodi-
versity indices (fauna, flora), three provisioning ser-
vices (crop production, forage production, wood
production), one cultural service (recreation), and
six regulation services (carbon stock, erosion, infiltra-
tion, rockfall protection, water quality, pollination).
The prominence of regulation services reflected the
project’s focus on sustainability of ES supply (Lavorel
et al. 2016). Biodiversity is viewed as both the foun-
dation for and a direct contributor to all ES (MEA
2005).

We selected relevant modelling methods based on
the classification of broad ES model types depending
on relevant scales, available knowledge, expertise and
data requirements, as well as the level of detail in
ecological process specification (Lavorel et al. 2017).
Due to lack of data and incomplete knowledge of the
functional basis of some ES at the scale of operation
(i.e. between the regional and landscape scale, see
Figure 2), we used a significant fraction of proxy mod-
els (simple model based on expert knowledge and
statistical association) or phenomenological models
(which also explicitly incorporate landscape configura-
tion and spatial processes) (Lavorel et al. 2017), mostly
based on LULC maps as input data (Table 1). Table 1
presents the indicators modelled for each of the 12 ES,
and Supplementary material 3 presents a full descrip-
tion of model choices, methods and model limits,
including source data used. Most models were adapted
from existing models to account for specificities of our
study area landscape. Nine out of the twelve ES mod-
elled use the dedicated LULC map produced for the
study area as their most important input: fauna, agri-
cultural production, fodder production, wood produc-
tion, recreation, carbon stock, water infiltration, water
quality and pollination. The most detailed typology
level (level 4 - table S1) was systematically used for
ES models pertaining to a single type of environment
(agricultural, forest, etc.). Model limitations are also
specified in (Supplementary material S3). Descriptive
fact sheets provided this information to project stake-
holders and are made available to future users.

2.4. ES bundles analysis

ES bundle analysis had several objectives: 1- to produce
an inductive, spatially-explicit classification of ES within
each of the three landscape types; 2- to identify specific
bundle-providing LULC classes by analysing relations
between such a classification and the LULC map.

ES bundle analysis consists in identifying ES asso-
ciations within a given area (Raudsepp-Hearne et al.
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Figure 2. Map produced by the 12 ES models. Model specifications are provided in Table 1 and Suppl. Mat. S3.

2010), thus partitioning the study area into
internally-consistent spatial units in terms of ES
supply (Spake et al. 2017). Such analysis aims to
highlight similar areas in terms of ES levels (weak/
high values for the same ES), and ES most distinctive
of each spatial unit. After normalizing ES maps
(following Paracchini et al. 2011), we performed an
unsupervised classification using the ArcGis software
(IsoCluster tool, ESRI Inc, Redlands, CA, USA). We
then determined the number of classes through a trial
and error method (within a range from 3 to 5), that
was suited to local stakeholder purposes. Each of the
three landscape types was independently analysed
this way.

Finally, a simple Spearman’s correlation between
the interpreted classes of each bundle and the LULC
map was computed to assess the relevance of inten-
sive ES modelling vs. land use prioritization based on
LULC alone.

3. Results
3.1. ES maps

Given that the LULC map was used as a basis of nine
out of the twelve ES modelled, and that seven out of
the twelve ES models were proxy-based or phenom-
enological, it seems essential to first briefly describe
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the ES maps in relation to the information already
provided by the LUCC database. Figure 2 presents
the twelve ES maps produced. The complementarities
of the different landscape types units of the study
area are apparent from a perusal of these maps:
mountain or plain areas are clearly distinctive when
individual ES are considered, while each area pro-
duces one or more ES. As expected, ES spatial pat-
terns are quite correlated with LULC spatial patterns.
This results from: 1- a given LULC type being either
favourable or not to a given ES, and 2- the LULC
map being a predominant input in the considered ES
model.

The number and level of complexity of additional
variables and ecological processes incorporated into
models (Table 1) define the similarity between ES
spatial patterns and LULC. To illustrate this point,
Figure 2 highlights maps produced by two proxy-
based (agricultural production, carbon stock) and
two phenomenological (recreation, erosion) models.
These models exemplify the effect of the use of
a gradually more complex input data: direct use of
the LULC map (agricultural production, Figure 2(a)),
combination of this map with one (carbon stock,
Figure 2(b)) or several (recreation, Figure 2(c))
other data layers, or primary use of physical factors
with LULC playing only a secondary role (erosion,
Figure 2(d)):

e The agricultural production map (Figure 2(a))
displays high values in the major agricultural
areas (Bievre plain, Grésivaudan valley) and
low values on hillsides, as grassland and pastures
replace intensive cropping with increasing eleva-
tion. This strong dependency of the agricultural
production model on agricultural land use is
inherent to the model type (simple proxy).
However, as we used a map of crop types at
agricultural plot level, this modelling approach
identifies LULC and crop successions most/least
relevant to an effective ES supply.

e The carbon stock map (Figure 2(b)) also high-
lights contrasts predominantly defined by the
LULC type given the order of magnitude of dif-
ference in stocks between forests (190 to 209 tC/
km? - although variable across stand types) and
agriculture and grassland areas (72 to 85 tC/km?).

o The spatial patterns of the recreation map (Figure 2
(c)) are largely independent of LULC, although the
LULC map is used in this model to identify the
location of landscape preferences for outdoor activ-
ities. However, the map is predominantly influ-
enced by recreation practices and accessibility,
which play a fundamental role in the landscape
capacity to provide the recreation ES (Byczek et al.
2018).

¢ The erosion model map (Figure 2(d)) relies on
a phenomenological approach and also makes
use of the LULC map. However, the resulting
spatial patterns do not match LULC classes as
the RUSLE model (Revised Universal Soil Loss
Equation, ©United State Department of
Agriculture) is largely determined by physical
characteristics such as rainfall, soil type and
slope. LULC types only modulate these primary
determinants.

Thus, although most of our ES models use LULC
information as input, output ES maps are not neces-
sarily uniquely determined from this and depend
more essentially on the level of complexity of the
ecological processes incorporated in models. Even
for the most basic models, the modelling process
allows users to identify service-providing areas for
a given ES (Syrbe and Walz 2012).

3.2. Landscape specific ES bundles

The three broad landscape types characterizing the study
area (periurban, forest and mountain rural) occupy
roughly similar surface across the study area. Periurban
landscapes occupy 1194 km? (27%) and cover both peri-
urban areas in plains and valley bottoms dominated by
agriculture. Forest landscapes extend 1865 km? (42%),
mostly in mountain ranges and plateaus (Vercors,
Chartreuse, Belledonne, Chambarans plateau and
Trieves/Matheysine). Mountain rural landscapes repre-
sent 1144 km? (25.7%) and include all upland agricul-
tural tracts such as cropped areas in the Triéves and
Matheysine plateaus, as well as grassland-dominated
areas in Vercors, Belledonne, Chambarans and North
Voiron.

We applied an unsupervised ES bundle classifica-
tion, first for the whole region using the 12 ES,
and second for each landscape type using their 8 to
10 relevant ES (Table 1). The unsupervised ES classi-
fication of the whole region retained five bundles
which best captured its environmental and ES diver-
sity. In contrast, the classification of the periurban
and mountain rural landscape types retained four
bundles. However, for the forest landscape type, the
classification did not capture any other information
than the three main forest types given by the forest
LULC typology (i.e. hardwood, coniferous, mixed
forests; see Suppl. Mat. S1). In this case, the typolo-
gical weakness combined with the weakness of our
model parameterization (Suppl. Mat. S3) prevented
any further meaningful bundle analysis.

Figure 3 presents ES bundle outputs for the whole
region, periurban and mountain rural landscape types,
with for each area a bundle classification map, the inter-
pretation of bundles in terms of LULC classes and the
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Figure 3. ES bundle analysis for the whole region (top), the periurban (middle) and mountain rural (bottom) landscape types:
bundle maps and contribution of individual ES to the statistic definition of classes shown as mean deviation histograms (where
Fauna = Fauna, Flora = Flora, Crop = Crop production, Forage = Forage Production, Wood = Wood production,
Recre = Recreation, Eros = Erosion, Infilt = Infiltration, WQual = Water Quality, Pollin = Pollination).

contribution of individual ES to the statistic definition of
bundles (shown as mean deviation histograms). Results
of the bundle analysis for the whole landscape and per
landscape type aim to link ES with land cover
characteristics.

For the whole region analysis, five classes were
retained. These five ES bundle classes were strongly
correlated with LULC classes at level 1-2 (see S1)

(r* = 0.87). The five ES bundles could then be char-
acterised as follows (Figure 3): built-up areas with low
values for all ES; semi-natural and aquatic areas with
a positive value for the ability to modulate water
flows (infiltration service); forest areas with high
values for fauna and flora and the highest values for
carbon stock, erosion and infiltration; and two classes
of agricultural areas, one dominated by grasslands



82 (&) C.VANNIER ET AL

with the highest values for fauna and flora, forage
production and high values for most regulating ser-
vices (carbon stock, erosion, infiltration, water qual-
ity), and the other dominated by crops with high
levels for crop production and pollination.

In the periurban landscape type, the four ES bun-
dle classes were congruent with LULC classes at the
finest typological level (level 4, see S1) (r* = 0.88). In
agricultural lands, crop successions appeared essential
to explain the bundle classification. The following
four bundles were identified (Figure 3): two classes
of crop succession depending on their intensity, one
dominated by winter and spring crops without grass-
land, with the highest level of crop production and
a high level for pollination; and the other made up of
inter-annually variable crops (winter and spring
annual crops, as well as fodder crops) with a high to
medium level of crop and forage production, and the
highest level of pollination and water quality regula-
tion; the third class was mostly made up of perma-
nent grasslands and wooded areas, and was the most
favourable habitat for fauna and flora, and the highest
levels for forage production and erosion control;
finally built-up and aquatic areas had low or the
lowest values for all ES.

In the mountain rural landscape type, the four ES
bundles were congruent with LULC classes at the finest
typological level (level 4, see S1) (r* = 0.9). Here bundles
(Figure 3) highlighted the role of perennial vegetation
like permanent grasslands and forests for ES supply.
The following four bundles were identified: (1) areas
dominated by agriculture with a high level of multi-
functionality (i.e. the simultaneous supply of multiple
ES) supported highest levels for fauna and flora habi-
tats, as well as for crop and fodder production, pollina-
tion and water quality regulation; (2) woodlands and
forest with the highest levels for erosion control and
water infiltration; (4) permanent grasslands logically
had the highest fodder production, along with rather
high erosion control and infiltration and water quality
regulation, and high levels for fauna and flora habitats;
(5) bare and built-up areas, with the lowest levels for
all ES.

5. Discussion

The results of our analysis of ES bundles within periur-
ban and mountain rural landscapes respectively, rather
than working on the entire region, highlight two
strengths. First, such an analysis supports an appraisal
of the region from an ES perspective that goes beyond
identifying basic ES bundles associated with level 1
LULC classes (built-up, forest, agricultural, water...).
Rather, it enables a finer identification of specific ES
associated with given LULC types within each of these
landscapes. Second, and even though the main LULC
categories appear to dominate the interpretation of ES

bundles, the hierarchical analysis within landscape
types of significance for regional management and
planning allowed us to assess the role of LULC or its
inter-annual variability (in the case of agricultural land)
in determining ES bundles, and thereby the potential
role of management. Given the relevance of ES assess-
ment for planning and policy (Haase et al. 2012;
Queiroz et al. 2015; Locatelli et al. 2017), and for addres-
sing sustainability issues, analyses such as this one can
strongly motivate stakeholder participation. In our
study, the process of ES mapping was conducted
through a participatory approach with managers and
planners. They suggested analysing ES bundles within
landscape types was, but once bundles were identified
within each landscape type they often preferred to
return to individual ES they felt more familiar with
(Brunet et al. 2018).

However, this work also revealed a number of
limitations discussed below: 1- the simplicity of the
models developed/used (mostly proxy or phenomen-
ological models) resulting from the large extent, the
regional diversity of landscapes, data availability,
available knowledge and expertise; 2- the limiting
typology for forest areas which takes into account
only the broad stand types, whereas structure and
management that play a key role in the ES supply in
mountain regions would be required in a more rele-
vant, detailed typology.

5.1. ES bundle analysis at different
socio-ecosystem scales

Our analyses within the three dominant landscape types
of the region were congruent with the frequent finding
by ES bundle analysis at regional scale. Indeed, ES
bundles essentially capture ES distribution across
main LULC and landscape elements: built-up areas,
aquatic and semi-natural areas, forest, grasslands (here
mainly located on hills), mountain slopes and summits,
and crops mainly located in plains. Such bundles are in
particular congruent with studies for other European
mountain region (Vigl et al. 2016, 2017). Although our
results are quite similar to the regional analysis by
Crouzat et al. (2015) (see 2.3.1. Main landscape types)
which characterised ES bundles for the main landscape
types across the entire French Alps, the within-
landscape type analysis additionally highlighted the
importance of distinguishing agricultural land manage-
ment intensity, contrasting crop-dominated or grass-
land-dominated areas depending on slope and altitude.
At a landscape to a regional scale, our results thus
supported the consideration of major land use specifi-
cities in the LULC map construction, here differentiat-
ing crops and grasslands, and their sequencing within
cultural rotations. This is not always possible when
using an existing LULC database, especially when devel-
oped for a European or a national scale.



By zooming within landscape types, the contribu-
tion provided by the use of a very precise LULC
database is even more important. The within-
landscape types analysis highlighted the role of
LULC time sequences in agricultural areas, where in
the periurban landscape, crops and grassland
sequences have a major role in ES supply, whereas
in the mountain rural landscape, the role of perma-
nent vegetation (forest and grassland) play a key role
in ES supplying. But this landscape type analysis
showed also a main limitation regarding the forest
landscape type as the LULC database is unable to
provide of good information on vegetation structure
(open or close forests) and on management practices
whereas production forests representing 89% of the
forest areas of the study site. Even if the ES models
specific to forest area (Wood production, Carbon
Stock, Rockfall protection) take into account spatial
data (land tenure, sylvo-ecoregions, forest flux inven-
tory, see S3), the bundle analysis did not capture
more specific features than the three major forest
types (hardwood, coniferous, mixed forest).

However, the prominence of LULC input maps in
our models strongly constrained the identification of
spatial patterns of ES bundles for the periurban and
mountain rural landscapes. While the segregation of
ES bundles across specific LULC within each land-
scape type definitely reflects real contrasts in ES that
were validated by stakeholders during the project
final workshop, our analysis could be considered as
a first tier to be compared with subsequent, refined
analyses. Accounting for detailed ecological composi-
tion (e.g. for forests or for secondary successional
vegetation incorporated into the semi-natural LULC
class) and management practices (e.g. within forests)
would enable a better LULC description or the use of
more detailed biophysical variables to improve spa-
tial/typological resolution for some ES maps, while
using the same ES models. In order to target possible
improvements, it appears important to analyse the
constraints and limitations of the ES models devel-
oped in this study.

5.2. Modelling ES at the landscape to the
regional scale

The ES modelling process was the result of co-
constructed choices for ES and model selection,
guided by: 1- our knowledge of the study area (field
measurements and previous studies, empirical knowl-
edge from local stakeholders and the scientific team);
2- data availability for model parameterization; and
3 — the extent of the study area (small region), along
with a fine-scale resolution.

Producing a specific LULC database at a precise grain
(less than 1lha) and at the scale of a small region
(4450 km®) required a huge effort but added
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a considerable spatial information for modelling ES com-
pared to other studies of the same type (Haase et al. 2012;
Crouzat et al. 2015; Queiroz et al. 2015). As in most other
ES mapping studies, LULC data is the most important ES
model input (Seppelt et al. 2011; Egoh et al. 2012;
Martinez-Harms and Balvanera 2012; Lautenbach et al.
2015; Verhagen et al. 2016); the association of the scale,
grain and typology therefore critically controls quality of
ES modelling and analysis. The typological richness along
with the use of LULC classes consistent with ecological
processes and a specific typology for each model partly
made up for the relative simplicity of most selected mod-
els (Table 1) and of their parameterisation. For instance,
whilst we used a relatively simple pollination model
(Schulp et al. 2014b), the very fine spatial grain and
LULC typological resolution afforded great precision
for potential pollination supply. Likewise they consider-
ably increased precision in modelling habitat of verte-
brate species (Byczek 2017). Moreover, by coupling
multiple input data in ES models we were able to indir-
ectly capture important underlying processes and reduce
spatial uncertainty in ES quantification (Eigenbrod et al.
2010). This was illustrated for recreation, where our
phenomenological model combined multiple LULC
and derived variables. Nevertheless for some ES models,
the limited availability of specific data and knowledge was
a great limitation. As a case in point, the InvEST model
parameterization for regulation of water quality is based
on literature values for main land cover types (Cabral
et al. 2016). While it is certain that specific crop succes-
sions have different nitrogen retention abilities, we were
unable to take advantage of our knowledge on their types
and spatial distribution due to the absence of data for that
parameter.

Data and knowledge availability further limited the
capability of using models with intermediate to high
process resolution, ie. Tier-2 and -3 models
(Grét-Regamey et al. 2015). In particular, models
used for infiltration capacity (WaterWorld) and reg-
ulation of water quality (InVEST - NDR module)
could be replaced by process-based models of inter-
mediate complexity integrating field calibration such
as SWAT - the Soil & Water Assessment Tool devel-
oped to quantify the impact of land management
practices in complex watersheds (Arnold et al.
2012). Further, the assessment of carbon stocks (and
sequestration) would benefit from the use of process-
based dynamic vegetation models such as LPJ-GUESS
(Smith et al. 2001), though sufficient down-scaled
climate data is still lacking for properly accounting
for sub-kilometric topography-related variations in
the French Alps. Estimation of biomass - related to
agricultural or forested areas — would in principle be
improved by earth observation data (see 5.3 below),
still to be obtained for the entire Grenoble region.
Implementing process-based or trait-based ES models
(Lavorel et al. 2011, 2017) requires targeted field data
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collection and validation. This was not an option
here, considering the extent of the study area
(4450 km?). However, a future focus on key areas
identified by local stakeholders (Quatre-montagnes,
Grésivaudan valley) would enable a refined field-
based analysis of ecological processes for better pro-
cess-model parameterization and validation. The use
of independent quantitative spatial data both to
quantify biophysical variables at the landscape scale
and for each type of ES model should be favoured in
the future (see 5.3 below).

5.3. Avenues for improvement of ES modelling

Recent studies have demonstrated how high resolu-
tion remote sensing data coupled with field data
collection can support the identification and the
quantification of a wide diversity of ecosystem states
and functions (Ayanu et al. 2012; Andrew et al. 2014;
Cord et al. 2017; Vihervaara et al. 2017). Results from
our study along with results from these works suggest
that remote sensing has the potential to supply
numerous data required by ES models. In particular,
our work illustrates how remote sensing can be used
to produce LULC maps tailored to the needs of ES
models. Compared to publicly available LULC maps,
the map used in our study enables a fine description
of agricultural lands but remains very coarse concern-
ing forest and semi-natural areas (respectively four
and three classes for forest and semi-natural areas,
compared to 18 for agricultural lands). Due to lack of
suitable data, the typology does not reflect their mul-
tiple uses and their consequences for ES supply. This
limitation prevented the fine analysis of ES bundles in
forested areas. However, this mapping limit was
mainly driven by resource allocation related to the
research project aims and the priority given to agri-
cultural areas, rather than by technical constraints.
Indeed, remote sensing data has been successfully
used in past studies to describe spatial heterogeneity
within forest and semi-natural areas (Eva et al. 2010;
Nagendra et al. 2013; Chen et al. 2015). Better char-
acterizing forest and semi-natural areas (density, bio-
mass, floristic diversity....) would help better
modelling fauna, flora, wood production, recreation,
carbon stocks, erosion mitigation, water infiltration
and rockfall protection (i.e. 8 out of the 12 ES mod-
elled). LiDAR data is available for part of the study
area’s forests, and should be extended in the future,
granted required financial resources.

Beyond improvement of LULC maps, remote sen-
sing brings numerous other opportunities to over-
come the current lack of data in ES mapping. In
particular, recent developments of satellite-based
and drone-based sensors significantly increase the
affordability of multi-temporal, hyperspectral and
high resolution images as well as LIDAR data. This

diversity of data opens up broad prospects to a direct
mapping of ecosystem functions and services. Among
most promising approaches, the scaling up of plant
functional traits from field measurements to regional
level (Ayanu et al. 2012; Homolova et al. 2013;
Andrew et al. 2014; Abelleira Martinez et al. 2016;
Pettorelli et al. 2018) would allow us to extrapolate
from previous plot-scale studies (e.g. Gos et al. 2016
for grassland ES; Bartholomée et al. 2018 for forest
and grassland carbon stocks) using direct remote-
sensing estimations of biomass production, tree allo-
metry, soil and plant nutrient content, soil and plant
water content. While processing such data required
great amount of expertise and computational infra-
structure so far, the recent development of cloud
based interfaces such as Google Earth Engine should
boost their integration into ES mapping.

Remote sensing is therefore a powerful tool for
multiple facets of ES modelling, but its use requires
a good knowledge of processing tools, of vector and
sensor performances used at the desired grain and
analysis scales. So far, the cost of data sometimes
limits its use, along with the time required to acquire
and process the data.

6. Conclusion

This study illustrated the benefits from combining three
original components: i- an intensive participatory pro-
cess, for ii- analysing ES bundles within landscape types
that make sense for land planning, by iii- using a wide
range of ES and associated models. Our research pro-
cess and results highlighted three important conclu-
sions. First, analysing ES bundles allowed us to assess
the role of LULC or its inter-annual variability (in the
case of agricultural land) for ES supply and thereby the
potential role of management. This provides relevant
information for land planning and management issues
raised by stakeholders. Second, in order to improve the
knowledge produced by such analyses, critical areas of
progress are the improvement of LULC maps and the
use of biophysical variables, from combined field collec-
tion and remote sensing, for better capturing ES com-
plexity in the models. Nevertheless, while the joint use
of more sophisticated models and data would definitely
improve outputs for specific ES, we expect that it would
only marginally modify broad ES bundles which reflect
critical contrasts across each of the three landscape
types. Therefore, third refinement of models and data
is principally warranted for working at landscape scale
where information on land use and practices is
required, rather than just on land cover. Advanced
approaches combining remote sensing, targeted field
data collection and expert knowledge from scientists
and stakeholders are expected to provide the significant
progress that is now required to support the integration
of multiple ES into land planning. To effectively support



such improvements in data collection and analysis for
land planning, intensive participatory approaches
appear essential. Here we demonstrated the added
value of such an approach which will subsequently
support the participatory exploration of the different
ways in which trade-offs could be minimized and syner-
gies maximized between management objectives by
analysing a broad range of ES models and bundles.

Notes

1. “This urban planning document defines the main man-
agement and planning options of the Grenoble area for
the next 20 years: environment, housing, business,
public services, economic development, agriculture,
transport’,  http://scot-region-grenoble.org/  (SCoT
Grenoble - Site Officiel 2018).

2. French National Institute in charge of all nationwide
data collection and formatting for mapping purposes.
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