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a b s t r a c t
In order to consider the effects of land use, and the land cover changes it causes, on ecosystem services in life cycle
assessment (LCA), a new methodology is proposed and applied to calculate midpoint and endpoint characterization factors. To do this, a cause-effect chain was established in line with conceptual models of ecosystem services
to describe the impacts of land use and related land cover changes. A high-resolution, spatially explicit and temporally dynamic modeling framework that integrates land use and ecosystem services models was developed
and used as an impact characterization model to simulate that cause-effect chain. Characterization factors
(CFs) were calculated and regionalized at the scales of Luxembourg and its municipalities, taken as a case to
show the advantages of the modeling approach. More speciﬁcally, the calculated CFs enable the impact assessment of six land cover types on six ecosystem functions and two ﬁnal ecosystem services. A mapping and comparison exercise of these CFs allowed us to identify spatial trade-offs and synergies between ecosystem services
due to possible land cover changes. Ultimately, the proposed methodology can offer a solution to overcome a
number of methodological limitations that still exist in the characterization of impacts on ecosystem services
in LCA, implying a rethinking of the modeling of land use in life cycle inventory.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
The use of land for human activities induces land cover changes that
affect ecosystems in many ways. Their degradation induces trade-offs
among ecosystem services, i.e. the beneﬁts that we retrieve from their
functionality, such as resources (e.g., crops, timber, water), the regulation of climate, or culture (Costanza et al., 2017). Given the immense
value of ecosystem services, some of them being both essential and irreplaceable (Costanza et al., 2014), and the current decline of the biodiversity that supports their provision (Butchart et al., 2010), the future
development of societies should take them into account and attempt
to preserve them as much as possible. Several authors promote the impact assessment of land use on ecosystem services in life cycle assessment (LCA), as a mean to include their valuation in decision practices
(Chaudhary et al., 2017; Knudsen et al., 2017; Koellner et al., 2013b;
Othoniel et al., 2016; Pavan and Ometto, 2018; Taelman et al., 2016).
Life-cycle uses of land encompass, for instance, the use of arable land
for producing crops for biofuels (Maia de Souza et al., 2018; VázquezRowe et al., 2014).
LCA typically addresses the impact of a stressor on an indicator in a
linearized way, using a “characterization factor” (CF) that expresses
the marginal change in the indicator due to a marginal change in the
stressor. As of today, several research streams focus on calculating CFs
for the assessment of land use impacts on ecosystem services, which is
the scope of our study. The main stream surrounds the framework selected as a reference by the UNEP/SETAC for harmonizing global land
use impact assessment on biodiversity and ecosystem services in LCA
(Koellner et al., 2013b; Lindeijer, 2000; Milà et al., 2007). This framework established the methods that are commonly used for the calculation of CFs, our focus, and the modeling of land use in life cycle inventory
(LCI). Numerous studies have calculated CFs following this framework
(e.g., Brandão and I Canals, 2013; De Baan et al., 2013; Müller-Wenk
and Brandäo, 2010; Saad et al., 2013; Taelman et al., 2016; van Zelm
et al., 2018). However, these CFs have not yet reached consensus, and
assessing land use impacts on ecosystem services is still not a standard
practice in LCA, as observed by several authors (Jeswani et al., 2018;
Maia de Souza et al., 2018; Othoniel et al., 2016; Pavan and Ometto,
2018; Teixeira, 2014). In summary, three main challenges remain for
the calculation of CFs. First, the dynamics and connectivity of ecosystems and humans among socio-ecological systems should be simulated
when calculating CFs. Second, CFs should be regionalized using a
multiscale approach, in order to a) identify the beneﬁts that are provided by ecosystems at a local scale, and b) obtain CFs that are compatible with the regionalization of LCI (typically at the country scale). Third,
the impact indicators that are calculated thanks to such CFs should reveal, in terms of ecosystem services, the costs and beneﬁts to society induced by land use.
In this line, two alternatives to the UNEP/SETAC framework have
been proposed to characterize the impact of land use on ecosystem services. The ﬁrst alternative, illustrated by Arbault et al. (2014) and Liu
et al. (2018) and to some extent by others (Bare, 2011; Othoniel et al.,
2016), relies on the use of system dynamics modeling to simulate the
dynamics of the earth system, including functioning ecosystems, land
use and other human activities. Although this method seems promising,
the models used in these studies were not spatially resolved. Hence,
they could not simulate the effect of changing land cover patterns on
the functionality of ecosystems (which some authors call the “landscape
effect” of land cover changes), although it is relevant for assessing impacts ecosystem services (Baude et al., 2019; Bennett and Isaacs, 2014;
Pufal et al., 2017; Ricketts et al., 2008). Clermont et al. (2015), for instance, observed this effect in the case of urbanization impacting
honey bees in Luxembourg. The second alternative, proposed by
Chaplin-Kramer et al. (2017), uses spatially-resolved models of land
cover changes and functional ecosystems to assess the impacts of LCI results on ecosystem services. They modeled the spatial effects of land
cover changes and showed the potential advantages of using a high-

resolution land cover model to calculate CFs. However, they did not calculate CFs, but instead used their model as a “plugin” to combine with
LCA software. Out of our scope, we mention for the sake of completeness that several authors have argued for the accounting of changes in
ecosystem services in LCI (when environmental stressors are accounted
for) instead of assessing impacts on ecosystem services with CFs (Bakshi
et al., 2015; Blanco et al., 2018; Liu et al., 2018; Zhang et al., 2010).
In this paper, we design a new approach for calculating CFs that can
be used in LCA to assess the impact of land use on ecosystem service. A
ﬁrst novelty of our approach lies in the model that we used for characterizing midpoint impacts. More speciﬁcally, we developed an integrated system dynamics model of land cover and ecosystem services.
We did so following the Multiscale Integrated Model of Ecosystem Services (MIMES) framework (Boumans et al., 2015), an acknowledged reference for the modeling of socio-ecological systems (Balvanera et al.,
2017; Turner et al., 2015). A second novelty lies in how this model is
used, i.e., the formulas followed for applying it and summarizing its results. In particular, we calculated CFs that quantify the trade-offs induced by land cover changes among ecosystem services when one
additional unit of land is used. An underlying assumption of our approach is that we characterize the impacts of marginal demands for
land covers, which are going to be met by land cover changes, given
the current scarcity of land (Lambin and Meyfroidt, 2011). This assumption, also made by Chaplin-Kramer et al. (2017) is not compatible with
the current modeling of land use in LCI. According to this latter, land use
should be modeled with two distinct stressors, for which dedicated CFs
are calculated, while we assumed the modeling of land use with a single
stressor.
We applied our approach to the Grand Duchy of Luxembourg and
computed regionalized CFs at both the national scale, for the whole
country, and the local scale, for its municipalities. We thus could test if
using an integrated model allows calculating CFs that are more representative of the mechanisms underlying the impact of land use and
land cover changes on ecosystem services, including landscape effects,
interactions among ecosystem functions, and several constraints of
land use. As we will see, our approach indeed allows to take these aspects into account in the calculation of CFs. However, it requires the implementation of complex models. Therefore, the validity and
uncertainty of the CFs should be thoroughly assessed for their integration in decision-making. In our case, the validity of the models that we
used implies that further modeling efforts are still needed in order to
build the credibility of the CFs and make them fully operational.
2. Materials and methods
2.1. Study area and data
To test our approach, we calculated CFs for the Grand Duchy of
Luxembourg (country scale) and its 116 municipalities (local
scale). In Luxembourg, land is a very scarce resource. Almost all of
its 2500 km2 of land are intensively used or not designated for conversion. In 2016, 50% of land was covered by agriculture, 35% by
forest areas, 14.5% by built areas (urban areas, industries, infrastructures) and 0.5% by water areas (STATEC, 2019). This is a relevant issue since the Luxembourgish authorities have stated
several political objectives that will imply the further use of land.
First, as the country wishes to become more attractive to foreign
workers, the population is expected to double by 2060, from 0.5
to 1 million inhabitants (Hennani, 2017). As a result, urban areas
and transportation infrastructures should increase. Furthermore,
as a mean to meet European regulations on the emission of greenhouse gasses, the government aims to increase the domestic production of renewable energy, according to their recently
published strategic plan “Luxembourg 2030” (Stoldt Associés,
2018). Depending on the selected option, this may imply the expansion of agricultural areas and infrastructures. Finally, under
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the MAES European initiative 1 (European Environment Agency,
2015) and other international texts (Stoldt Associés, 2018),
Luxembourg should establish new environmental protection measures in order to preserve its ecosystems and the services that they
provide. Ultimately, this should create a saturated situation, where
any decision to further use land must be thoroughly evaluated
prior to its concretization. In this context, the CFs provided in this
study could be useful means of environmental impact assessment
if the authorities use LCA to assess their development plans.
In addition to being an interesting case, the fact that Luxembourg is
small eases the implementation of models. We thus could gather the
data that are listed and depicted in Table 1 and Supplement A.4. Thanks
to these, we could simulate land use and ecosystem services at the acceptable resolution of 500 m. We could also consider several constraints
of land use changes, such as protected areas (e.g., national reserves,
Natura 2000) and the slope of land (e.g., urban areas tend to expand
on ﬂat land). Finally, we could use observed data for the evaluation of
some ecosystem services, which is a positive aspect (Egoh et al., 2012).
2.2. Characterization factors: rationale, calculation and use
A CF is a local derivative of a stressor-impact (or dose-response)
model, that can be used in a ﬁrst-order Taylor approximation of the outcome of the model by means of a linear estimate (Frischknecht and
Jolliet, 2016; Heijungs and Suh, 2002; Pennington et al., 2004). The original non-linear model is called a “characterization model”. As a general
model structure, we can conceive the impact as an indicator with the
initial value m as a result of different amounts of S types of stressors
(vector x of lengths S) as follows:
m ¼ F ðxÞ

ð1Þ

where F(.) is the characterization model that represents the cause-effect
function linking the amounts of the stressors (x) to the impact (m).
In the context of a marginal change in one or more stressors, we can
approximate the change in impact (impact indicator) as:

Δm ≈


S
X
∂F 
∂x 
s¼1

s x¼xcurrent

 Δxs

ð2Þ

where Δm is the impact indicator; Δxs represents a change in the s-th
stressor; and x = xcurrent indicates that the partial derivative is calculated at the current level of x.
∂F
The partial derivative
j
is what we refer to as the character∂xs x¼xcurrent
ization factor (Heijungs and Suh, 2002):

cf s ¼

∂F
j
∂xs x¼xcurrent

ð3Þ

where cfs is the CF that assesses the impact of the s-th stressor.
Therefore, CFs are literally derived from a characterization model
through differentiation. In Eqs. (2) and (3), the derivative is taken at x
= xcurrent, the current levels of the stressors. As a result, CFs address
change-oriented issues that are relevant for “now”, which can mean
today, this year or this decade, depending on how the current level of
the stressor was measured (which time period) and how fast the level
of the stressor changes in reality.
1
Mapping and Assessment of Ecosystem Services: an initiative of the European Union
that compels the participating countries to provide national maps and assessments of
the states of land, biodiversity, ecosystems, and ecosystem services. These data, which
we used in part in our study, are publicly available (European Environment Agency, 2015).

3

Once CFs have been calculated for the S stressors, they serve to translate changes in stressors into an impact indicator as follows:

Δm ≈

S
X

cf s  Δxs

ð4Þ

s¼1

When F(.) is non-linear, which is the case for the impact of land use
on ecosystem services (Koch et al., 2009), Eq. (4) only makes sense
under the assumption of marginal Δxs. Therefore, the use of CFs is not
necessarily valid for non-marginal changes.
In LCA, the impact of a stressor is assessed, from a conceptual point of
view, along multiple cause-effect chain models (which are assumed independent, although they may interact) that each depict the relations
between a midpoint indicator that depends on the stressor, and an endpoint indicator that depends on the midpoint indicator. As an example
of the cause-effect chain, the impact of CO2 emissions (stressor) is
assessed on radiative forcing (midpoint) and human health (endpoint
that depends on global warming). Midpoint indicators should represent
speciﬁc ecological issues, like radiative forcing, while endpoint indicators should represent primary dimensions of well-being, like human
health (Hauschild et al., 2018; Hauschild and Huijbregts, 2015; Jolliet
et al., 2014). In practice, two types of CFs, namely midpoint CFs and endpoint CFs, are used, following Eq. (4), to translate changes in stressors
into changes in midpoint and endpoint indicators, respectively. Midpoint CFs are calculated following Eq. (3) and using a midpoint characterization model, which we will denote as Fmid(.). Endpoint CFs are
calculated in two steps: 1) mid-to-endpoint CFs are calculated following
Eq. (3) and using an endpoint characterization model, which we will denote as Fmid−to−end(.); and 2) endpoint CFs are calculated from the aggregation of midpoint and mid-to-endpoint CFs. In the Supplement
A.1 (Supplementary data), we adapt Eqs. (3)–(4) to the cases of midpoint and endpoint CFs and formalize the calculation of endpoint CFs.
In the present study, we calculated midpoint and endpoint CFs that
assess the impacts of demands for the S = 6 land covers on the K = 6
ecosystem functions (midpoint indicators) and I = 2 ecosystem services
(endpoint indicators) that are listed in Table 2. The four key terms “land
use”, “land cover”, “ecosystem function” and “ecosystem service” are
deﬁned in the Supplement A.2. We selected the items in Table 2 mainly
because of the larger availability of data and model compared to other
possible ecosystem functions and services. In the discussion and the
Supplement A.3, we introduce some classiﬁcations to expand the calculation of CFs (increase S, K and I).
2.3. Cause-effect chain, characterization models and choices of indicators
To calculate our CFs, we developed a midpoint characterization
model and an endpoint characterization model following the threestep conceptual cause-effect chain illustrated in Fig. 1. In the ﬁrst step,
demands for land covers, our stressors, inﬂuence the state of land
cover and induce land cover changes. In the second step, the state of
land cover inﬂuences the functionality of ecosystems and therefore
the production of ecosystem functions, which are our midpoint indicators, measured on an annual basis. We simulated both steps using an integrated model of land cover changes and ecosystems functioning as
explained in the section “Midpoint characterization model”. Finally, in
the third step, the values of ecosystem services (beneﬁts that are actually provided by ecosystem functions) depend on the supply of ecosystem products, which is called the “ﬂows of ecosystem services” (SernaChavez et al., 2014). The values of ecosystem services are our endpoint
indicators, also measured per year. We valued the beneﬁts of ecosystem
services using monetary estimates in euros, as explained in the section
“Endpoint characterization model”.
We selected our midpoint and endpoint indicators on the basis of
the “cascade model” for ecosystem services (Potschin-Young et al.,
2018), as recommended by Maia de Souza et al. (2018) and Pavan and
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Table 1
Data that were used as input in the midpoint characterization model. All the spatial were sampled according to the same square grid with 500 m resolution (res).
Data

Description

Format

Submodel

Source

Land cover

Satellite observation of land's coverage (CORINE dataset) for the years 1990, 2000,
2006 and 2012
Network of roads, extracted from the Luxembourg's OBS data (observed biophysical coverage of the soil)
Slope of the land, calculated from the elevation map of Luxembourg

Raster
(res: 100 m)
Shapeﬁle

Land use

Roads
Slope
Protected areas
Foraging resources
and nesting
suitability
Types of pollinators
Apples' dependency
on pollinators
Apple orchards
Soil type
Meteorological data
Physiological
parameters
MAES data

Land areas that are protected for the conservation of biodiversity (e.g., national
reserves, Natura 2000)
Expert-based indicators that describe the quality of land covers as habitats and as
sources of food for pollinators
Physiological data (e.g., ﬂying distance) for the two modeled species of pollinators:
Osmia and Bombus
Expert-based indicator that expresses by how much yields depend on pollination
(90% in the case of apples)
Areas of apple orchards, extracted from the Luxembourg's OBS data (observed
biophysical coverage of the soil)
Type of soil per cell of the model, according to the Soil Geographical Database of
Eurasia (SGDBE), version 4 beta (8 classes are present in Luxembourg)
Daily measurements of solar radiation, rainfall and temperature for 1950 onwards
(one station for the whole Luxembourg)
Physiological characteristics of C3 grasses and the main tree species in
Luxembourg: Picea abies, Fagus sylvatica, Pinus sylvestris, Quercus robur/petraea
Results of statistical surveys for the production of crops and livestock, mapped over
the whole Luxembourg

Ometto (2018). This model, which is designed in a cause-effect fashion
like our own cause-effect chain, depicts ecosystem services depending
on ecosystem functions, which arise from biological components
(Potschin-Young et al., 2018). Land covers represent these latter in
our case. Ecosystem functions are hence “in the middle of” land covers
(source of the beneﬁcial products) and ecosystem services (beneﬁts to
people). In addition, impacts on ecosystem functions such as pollination
represent ecological issues, which midpoint impact indicators should do
(Hauschild and Huijbregts, 2015). Likewise, impacts on ecosystem services such as food production represent direct impacts on people's

Raster
(res: 10 m)
Shapeﬁle

Land use

Numerical

Pollination

European Environment Agency
(2019)
Administration du Cadastre et
de la Topographie (2007)
Administration du Cadastre et
de la Topographie (2007)
Administration du Cadastre et
de la Topographie (2007)
Zulian et al. (2013)

Numerical

Pollination

Greenleaf et al. (2007)

Numerical

Pollination

Zulian et al. (2013)

Shapeﬁle

Pollination

Shapeﬁle

Carbon
sequestration
Carbon
sequestration
Carbon
sequestration
Crop and
livestock
production

Administration du Cadastre et
de la Topographie (2007)
The European Soil Database
(2001)
Findel airport SYNOP station
(WMO station ID = 06590)
Pietsch et al. (2005)

Numerical
Numerical
Raster
(res: 500 m)

Land use
Land use

Becerra-Jurado et al. (2015)

well-being, which endpoint impact indicators should do (Hauschild
and Huijbregts, 2015). Notice that in our study, we assess both negative
(costs) and positive (beneﬁts) impacts.
In this paper, we calculated CFs that are regionalized at two scales,
for Luxembourg as a whole and for each of its 116 municipalities. In
this regard, note that we considered only the impacts that occur within
Luxembourg or a given municipality, i.e., we omitted potential
transboundary effects. Also, we summed over the modeled territory
the production of ecosystem functions and the values of ecosystem services when calculating CFs (Fig. 1).

Table 2
typologies of modeled land covers (LC), ecosystem functions (EF) and ecosystem services (ES). A total of 6 × 6 = 36 midpoint (LC x EF), 6 × 2 = 12 mid-to-endpoint (EF x ES) and 6 × 2
= 12 endpoint (LC x ES) sets of characterization factors are calculated accordingly.
Typology

Type

Description

Unita

Land covers (stressors)

Urban

Built-up areas that are used for housing and other activities in cities (areas with a relatively high population density),
such as transport.
Built-up areas that are used for manufacturing activities.
Built-up areas that are used for transportation, such as roads, railways or airports.
Areas that are used for agricultural purposes other than permanent crops (orchards and vineyards).
Grassy and non-woody ﬁelds that are either used as meadow (~15% in Luxembourg) or pasture (~85%).
Woody areas. In Luxembourg, they are mostly preserved and used for recreational purposes.

m2

Ecosystem functions
(midpoint indicators)

Ecosystem services
(endpoint indicators)

a
b

Industry
Infrastructure
Cropland
Grassland
Forest
Pollination
(Osmia)
Pollination
(Bombus)
Apple
production
Crop
production
Livestock
production
Carbon
sequestration
Total market
value
Climate
regulation

The activity of wild pollinators that forage for food and fertilize pollination-dependent crops on their way.
Capacity of orchards to produce apples.

m2
m2
m2
m2
m2
.
yr−1b

kg.
yr−1
Capacity of agricultural areas to produce arable crops.
kg.
yr−1
Capacity of grassland (pastures) to support the husbandry of the livestock.
LSU.
yr−1
Capacity of plants to ﬁx and store carbon in soils and, to some extent, in their woody parts.
kgC.
yr−1
Economic beneﬁts due to the marketing of ecosystem products (food and material).
€.
yr−1
Beneﬁts (or avoided costs) to well-being (in terms of health, production of energy and food, protection against extreme €.
events, etc.) that are due to the natural regulation of climate within liveable and expectable standards.
yr−1

The units come from the models that were used in the midpoint characterization model. These models are described in the Supplement A.4.
While pollination is modeled with a dimensionless indicator, its change is measured in % when calculating CFs, as detailed in the Supplement A.5.1.
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Fig. 1. Three-step cause-effect chain from demands for land covers (stressor x that is accounted for in life cycle inventory) to the values of ecosystem services (endpoint indicator mend). The
bottom part represents the characterization models (Fmid and Fmid−to−end) that were implemented to simulate the midpoint and endpoint impacts in this paper. We consider the total
production over a territory of ecosystem functions (mmid) and values of ecosystem services (mend) as midpoint and endpoint indicators, while we rely on the simulation of land cover
and ecosystem functions at a higher resolution (cells of a grid). Rectangles denote states or impacts, rounded colored rectangles denote processes that connect such states, green
represents the part between stressor and midpoint, red represents the part between midpoint and endpoint. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

2.4. Midpoint characterization model
Our midpoint characterization model covers the ﬁrst two steps of
Fig. 1 and is an integrated model that couples:
• The model CLUE (Verburg and Overmars, 2007, 2009) for simulating
land cover and its changes (step 1 in Fig. 1). This simulates over a spatial grid the growth and the conversion of land cover patches (cf. Supplement A.4.2).
• The model InVEST (Lonsdorf et al., 2009; Zulian et al., 2013) for pollination and apple production (part of step 2). This simulates the presence of pollinators over a grid, their activity in orchards and their
contribution to apple yields (cf. Supplement A.4.3.1).
• The model BIOME-BGC (Thornton et al., 2005) for carbon sequestration (part of step 2). This simulates the growth of forests and their exchanges of materials with their environment on a daily basis using
meteorological data (cf. Supplement A.4.3.2);
• The spatial statistical datasets generated within the Luxemburgish
Mapping and Assessment of Ecosystems and their Services (MAES)
initiative (Becerra-Jurado et al., 2015) for the production of crops
and livestock (part of step 2; cf. Supplement A.4.3.3).
We implemented this integrated model in a system dynamics environment following the MIMES modeling framework. We did so using
the Simile (Muetzelfeldt and Massheder, 2003) and R (R Core Team,
2018) software. More details about MIMES, the constituent models
and data can be found in the Supplement A.4. The Simile model ﬁle is
available as Supplementary material (cf. Supplement A.4.4).
In this study, we used the year 2012 as the reference situation (so for
xcurrent) because all the data that we needed were unavailable for later
years. CFs shall be updated over time when new data are available.
For calculating municipality scale midpoint CFs, we applied our midpoint characterization model Fmid(.) to each of the R = 116 municipalities of Luxembourg. When parametrized for a municipality r, this

model allows to simultaneously simulate land cover changes and the
total production of the K ecosystem functions in response to driving demands for land covers:
mmid;r ¼ Fmid;r ðxÞ

ð5Þ

where Fmid,r(.) is the midpoint characterization model parametrized for
r; mmid,r (vector of length K) represents the total production of the ecosystem functions in r; and x (vector of length S) represents the demands
for the land covers.
Because we could not disentangle the analytical form of Fmid(.) (too
complex), we could not analytically calculate its partial derivative as
Eq. (3) would suggest. Therefore, we numerically approximated its derivatives, calculating the municipality-scale midpoint CFs as follows:
mid;r

cf k;s

¼



∂F mid;r

k

∂xs 

x¼xcurrent

≈ limΔxs →0

Δmmid;r
k
Δxs

ð6Þ

is the midpoint CF that assesses the impact of expanding
where cfmid,r
k,s
land cover s on the ecosystem function k in the municipality r; xs is
the demand for s; and Δmmid,r
is the change in the total production of
k
k in r that is due to the change Δxs in the demand for s. We took Δxs as
small as possible, which in our case corresponds to the 1 ha resolution
of our model.
Eq. (6) was done for all land cover types s, ecosystem functions k and
municipalities r of Luxembourg. We thus calculated 6 × 6 × 116 = 4176
of such midpoint CFs. Be aware that for calculating all the CFs for a given
land cover s (cfmid,r
for all k), we performed a unique simulation of the
k,s
model in r. Thanks to this, we could encompass potential interactions
between ecosystem functions in the calculation of midpoint CFs (in
our case, apple production depends on pollination). A more detailed description of the model function and of the approximation of the midpoint CFs can be found in the Supplement A.5. Also, we converted the
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values of the CFs into values per m2, the standard unit for land areas in
LCI.
Finally, we calculated country-scale midpoint CFs as the arithmetic
mean of the municipal CFs, excluding a few municipalities for which
we did not compute CFs for some land cover types since we could not
calibrate the model in the absence of past observed changes in these
municipalities (see the Supplement 4.2 for details):

mid;lux

c f k;s

¼

R
1X
mid;r
cf
R r¼1 k;s

ð7Þ

is the midpoint CF that assesses the impact of expanding
where cfmid,lux
k,s
land cover s on the ecosystem function k for the whole country of
Luxembourg.
Implicit in this is an equal weighting of municipalities; see the Discussion for some remarks on this.
Fig. S-6 in the Supplement A.5 illustrates the workﬂow for calculating municipality and country-scale CFs, taking as an example the impacts of urban expansion on pollination by Osmia and apple production.
2.5. Endpoint characterization model

Therefore, we calculated a mid-to-endpoint CF for each product k as
follows:
mid−to−end

cf 1;k

¼

∂F mid−to−end
1
¼ pk
∂mmid
k

ð9Þ

is the endpoint CF that assesses the impact of a
where cfmid−to−end
1,k
change in the production of k on mend
1 .
Moreover, we followed the same method to calculate mid-toendpoint CFs for impacts on climate regulation (second endpoint indicator). In this case, only carbon sequestration provides climate regulation beneﬁts (avoided social costs), which we approximated with data
on carbon prices, q (see Table 3). So
mid−to−end

c f 2;k

¼

∂F mid−to−end
2
¼ qk
∂mmid
k

ð10Þ

Table 3 lists all the monetary values that we used, with their sources.
We used national estimates of ecosystem services values due to a lack of
data at the municipality scale.
2.6. Validation of the models

This section depicts the endpoint characterization model that we
implemented to calculate mid-to-endpoint CFs according to Eq. (3),
which we then used to calculate endpoint CFs at both municipality
and country scales (cf. the Supplement A.1).
For modeling the relation between the production of ecosystem
functions and the beneﬁts that they provide (Step 2 in Fig. 1), we valued
the provision of ecosystem services in monetary terms (euros), like Cao
et al. (2015).
As ﬁrst endpoint indicator, we considered the total market value of
the products of ecosystem functions, which is equal to:
6

 X
mid−to−end
mend
mmid ¼
pk  mmid
1 ¼ F1
k

ð8Þ

k¼1

where Fmid−to−end(.) is the endpoint characterization model;
mend
is the total market value of ecosystem products; mmid
the produc1
k
tion of ecosystem function k (the k-th element of mmid = ∑rmmid,r) and
pk the market price of its product (see Table 3). We set the market price
of the product of pollination by Osmia and Bombus to 0, since we assumed that pollination is a fully intermediary function, the beneﬁts of
which are already encompassed in the beneﬁts of apple production.
The market price of the product of carbon sequestration is also equal
to 0.

As a part of the midpoint characterization model's development (cf.
Supplement A.4.2.4), we validated its constituent models – i.e., we
assessed their capacity to predict future changes (Oreskes et al., 1994).
The primary focus is on the validation of the land use model, as depicted
below. Concerning the BIOME-BGC model, we used the parameters that
were validated by Pietsch et al. (2005). In addition, we visually compared its output (gross primary productivity, for which we had observations) with Eddy covariance measures (FLUXNET, 2018). The procedure
for selecting the observed data is detailed in the Supplement A.4.3.2. For
InVEST pollination, we compared the total yield over Luxembourg that
it simulates with data reported by the Luxemburgish ofﬁce of statistics
(STATEC, 2019). We lacked spatial data on orchards yields in order to
test its spatial output. Finally, the MAES data do not require a validation
since they are based on observations from statistical survey.
In order to validate the land use model, we mostly relied on the relative operating characteristic (ROC) method, promoted by Pontius and
Parmentier (2014). The ROC is a method that allows to test a Boolean
classiﬁer based on a [0,1] index. In our case, the Boolean classiﬁer is
the land use model that decides if a given land cover expands in a cell
or not (Boolean), and the [0,1] index is the suitability of cells for this
land cover (an intermediary variable of our model, as explained in the
Supplement A.4.2.3). This method yields an ROC curve, like the one plotted in the bottom right of Fig. 2. The main statistic that is used to communicate the results of the model's diagnosis is the area under the

Table 3
Mid-to-endpoint characterization factors (CFs) applied to calculate endpoint CFs for the impact assessment of land use on ecosystem services in Luxembourg.
Endpoint indicator

Variable

Midpoint indicator

Value

Unit

Data source

Total market value

p

q

0
0
2.5
2
2500
0
0
0
0
0
0
0.02

€a
€a
€/kg
€/kg
€/LSU
€/kgC
€
€
€/kg
€/kg
€/LSU
€/kgC

STATEC (2019)
(data refer to year 2012)
&
MAES
(Becerra-Jurado et al., 2015)

Climate regulation

Pollination (Osmia)
Pollination (Bombus)
Apple production
Crop production
Livestock production
Carbon sequestration
Pollination (Osmia)b
Pollination (Bombus)b
Apple production
Crop production
Livestock productionb
Carbon sequestration

a

Carbon price estimate
(World Bank, 2019)
evaluated in €/kgC

The unit for pollination is in € because it is modeled with a dimensionless indicator.
Since we consider impacts on climate regulation and not climate change effects, we do not consider the potential emissions of C by animals, although they can be considered as an
ecosystem “disservice” (Schaubroeck, 2017; Von Döhren and Haase, 2015).
b
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curve, which is between [0,1] with 1 that indicates a perfect classiﬁer
and 0.5 a theoretical random model. However, this measure suffers certain limitations, and therefore should be complemented others to thoroughly evaluate the accuracy of the model. For an exhaustive and formal
description of the ROC, its limitations and its qualities, consult Pontius
and Parmentier (2014). In addition to the ROC, we also compared and
mapped (for visual validation) the count and spatial correspondence
of changed spatial units between the simulated and observed data.
Fig. 2 exempliﬁes the validation of the model's capacity to predict the
expansion of infrastructure in a single municipality. The model was calibrated over the period 1990–2000 and validated over the period
2000–2012.
Concerning the endpoint characterization model, since it is the
monetarized version of the midpoint model, its validity depends on
the validity of this latter. Therefore, it does not require an additional validation. The only additional input data that were used in the endpoint
characterization model are unit prices, which come from statistical surveys (cf. Table 3).
2.7. Statistical analysis
To test if the impacts on two ecosystem functions or services are correlated, we calculated the Spearman's rank correlation coefﬁcient, denoted as ρ. This nonparametric measure assesses if the two variables
are monotonically related – i.e., if their ordered observations have the
same rank. The value of ρ is between −1 and +1. A positive value indicates a positive correlation, which in our case means that there is a synergy between the impacts on the two ecosystem functions/services. A
negative value means, in our case, that there is a trade-off (negative correlation) between the impacts. Typically, we consider that the test is signiﬁcant when its p-value is p ≤ 0.05.
3. Results
3.1. Midpoint characterization factors for Luxembourg
All the calculated CFs (midpoint and endpoint) are available as
spreadsheet tables in the Supplement B and are mapped in the Supplement C. Fig. 3 plots the distribution of the municipality scale midpoint
CFs (boxplots) and the values of the country-scale midpoint CFs
(green dots). At both scales, we observed that the expansion of most
land covers is detrimental to the majority of ecosystem functions. The
few exceptions are the beneﬁcial effects of expanding cropland on
crop production, of expanding grassland on livestock production, and
of expanding forest on carbon sequestration, pollination and apple production. We also found that cropland expansion can potentially improve pollination and apple production in some municipalities.
However, it is still detrimental at the national scale (average effect
over the country).
Considering the distribution of the CFs, we found, for the countryscale CFs (green dots in Fig. 3), that the ratio between the least and
the most impacting land cover types (considering only negative CFs)
is equal to 1.5 for crop production, between 4 and 5 for carbon sequestration, pollination by Osmia, and the production of apples and livestock,
and is equal to 7 for pollination by Bombus. For the municipality-scale
CFs, the ratio between the least and most impacting municipalities
goes up to thousands for some CFs (considering all possible combinations of land cover and function). Therefore, the CFs allow to show
that the different land covers can have different impacts on the ecosystem functions and among the municipalities.
Finally, considering potential interactions among ecosystem functions, we mapped as an example in Fig. 4, the municipality-scale CFs
that assess the impacts of expanding urban land on pollination by
Osmia and the related production of apples (this second depends on
the ﬁrst). There, we observed that the impacts of urban expansion on
pollination and apple production are not correlated among the
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municipalities. The statistical analysis shows that there is a weak, positive correlation that is not signiﬁcant: Spearman's ρ = 0.15, with p =
0.15. In some municipalities, the impact on pollination is among the
highest, while the impact on apple production is the lowest, and viceversa. We explain the reasons for these ﬁnding in the “Discussion”
section.
3.2. Endpoint characterization factors for Luxembourg
The country-scale endpoint CFs, which we calculated using the midpoint and mid-to-endpoint CFs (cf. the Supplement A.1), are plotted in
Fig. 5. We found that land use shall, in most cases, induce a loss of ecosystem services to society, through the opportunity costs associated
with the loss of marketed ecosystem products (market value in Fig. 5B) and through the social costs of a diminished carbon sequestration
(climate regulation in Fig. 5-A). Only the expansion of cropland and
grassland might generate further market beneﬁts (this is not the case
for all municipalities – cf. the Supplement C), and only forest expansion
may improve climate regulation.
Furthermore, we observed that among land cover types, the potential impacts of land use on both indicators vary from positive to negative
values and are quite homogeneously distributed between their minimum and maximum values. Therefore, the endpoint CFs, like the midpoint CFs, allow us to illustrate differences between the land cover
types. We also noticed that when impacts on the market value increase,
impacts on climate regulation decrease (this can be observed along land
cover types from the left to the right in Fig. 5-A and B).
In Fig. 5-C, we decomposed the value of the endpoint CFs that assess
impacts on the market value of ecosystem services. We observed that
changes in the value of apples are much smaller than changes in the
value of crops and livestock (lower by two orders of magnitude) and
represent b0.1% of the ﬁnal values of the CFs.
Finally, the municipality scale endpoint CFs vary more or less across
municipalities, like at the midpoint level. As an example, we mapped in
Fig. 6 the municipality scale endpoint CFs that we calculated for urban
expansion. On the one hand, impacts on market production do not substantially vary: the ratio between the highest and the lowest CFs is
below 2. On the other hand, impacts on climate regulation have a
wider range: removing the CFs equal to 0, the ratio between the highest
and lowest CFs is superior to 4. Also, in this case of urban expansion, we
observed a synergy between both ecosystem services. The impacts are
signiﬁcantly and positively correlated: Spearman's ρ = 0.85, with p b
0.001 (approximate p because there are ties). Urban land expands in
place of cropland and grassland in our model, with a different ratio of
converted cropland to converted grassland per municipality. Since
grassland sequesters carbon while cropland does not, and since grassland provides a higher market value per m2 than cropland, both ecosystem services are more impacted in the municipalities where urban land
expands more over grassland. Different synergies and trade-offs can be
observed for the other types of land cover (cf. the Supplement C).
3.3. Validity of the models
The results of the land use model's validation through the ROC
method are summarized in Fig. 7. There, we plotted, per land cover
type, the area under the curve value (theoretically between 0 and
1) that we obtained for all the municipalities. As can be seen, the accuracy of the model's predictions depends on the land cover type. Overall,
it better simulates the changes in the built land covers (urban, industry
and infrastructure) than the changes in cropland, grassland and forest.
In a few municipalities, the model is worse than a random model. In
these cases, we did not calculate CFs. In general, the model would
need further improvement and validation for actual policy decision.
However, as proof-of-principle, we have demonstrated that the set-up
works, i.e., the modeling prototype performs better than a random
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model. We thus concluded that the model is useful to display the advantages of our new calculation approach.
Concerning the validation of BIOME-BGC, reported in Fig. 8, we observed that this submodel correctly simulates the daily gross primary
productivity for the three tested species. It is a bit low in the case of
Fagus, which we partly explain by the fact that this species is compared
with results from a mixed forest (cf. the Supplement A.4.3.2). Still, we
concluded that this part of the model is valid enough for our purpose.
Note also that we considered annual aggregates in our model, which
are less sensitive to daily punctual errors. For the year 2012, errors in
the annual aggregates are below 10%.
Finally, InVEST pollination simulates total yields of 2669 tons of apples in 2006 and of 2527 tons in 2012. For the observed yields, 2515
tons were produced in 2007, 2406 tons in 2010 and 2419 tons in 2015
(these are the closest available years from STATEC, 2019). Therefore,
the simulated yields are higher than the observations by approximately
5%. These were the best results that we could obtain through the calibration of the model. Again, we could assume that this error is acceptable in
our case.
4. Discussion
4.1. The advantages of the proposed approach
Using an integrated model of land cover and ecosystem services for
calculating CFs allowed us to highlight differences between the impacts
of expanding different land cover types. This is what is expected from
CFs in order, for instance, to compare production systems with regard
to their impacts on ecosystem services using LCA.
Into details, our approach allows to calculate CFs that assess the
trade-offs induced by land cover changes among ecosystem functions
and services. This is quite evident in the results of Fig. 5, where land
use clearly induces a trade-off between the provision of climate regulation and of marketed ecosystem products. Such results show the limited
capacity of land and ecosystems to simultaneously provide multiple
ecosystem services at their maximum potential, as already illustrated
by Foley et al. (2005) and observed by Holt et al. (2016) and Jopke
et al. (2015) for instance.
In addition, thanks to the integrated nature of the model, we could
consider interactions among ecosystem functions, since apple production depends on pollination in our model (in the structure of the InVEST
model).
Moreover, we could encompass the effects of changing land cover
patterns on ecosystem functions in the calculation of CFs, i.e., the landscape effects (Bennett and Isaacs, 2014; Pufal et al., 2017; Ricketts
et al., 2008). This can be seen in the results of Fig. 4 where impacts on
pollination and apple production are not correlated, although the latter
depends on the former. That is because a land cover change can affect
pollination without affecting apple production, when there are no orchards close to where the change takes place, and vice-versa. The municipalities where apple production is mostly affected are those where
orchards are close to existing urban centers, from where urban land
tends to expand. In this line, at the country scale (Fig. 3), we observe
that the expansion of infrastructures is the most detrimental to pollination, while the expansion of industry is the most detrimental to apple
production. This is because infrastructure may replace forests, which
are an important habitat for pollinators, while industry takes place
around urban centers where orchards are most present. Therefore, all
these impacts – i.e., the values of the CFs – do depend on the conformation of land cover patches and how this changes.

Fig. 2. Method to validate the land use model. The validity of the model, here in the case of
the expansion of infrastructure in a municipality, is tested through the comparison for a
past period (from 2000 to 2012) of the observed (top left) and predicted (top right)
land cover changes. This comparison is summarized through a map (bottom left) and a
ROC curve (bottom right).
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Fig. 3. Midpoint characterization factors (vertical axis – the unit of the CFs are in the grey box title) per land cover type (horizontal axis category) and impacted ecosystem function (panel
category). Each boxplot displays the distribution of the regionalized CFs over the 116 municipalities of Luxembourg. In a boxplot, the bold line inside the box indicates the median of the
plotted distribution, while the two sides of the box indicate its lower and upper quartiles. Also, be x the interquartile distance, the outside bars (“whiskers”) indicate the values within 1.5 ×
x from the quartiles. Finally, the points represent outliers, which are more than 1.5 × x away from the quartiles. The green dots represent the country-scale CFs, which are calculated as
arithmetic means of the municipality scale factors. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Finally, we could also take into account legal aspects in the calculation of our CFs, namely protected areas. This can be observed in the municipalities where cropland expansion improves pollination, as we

pointed out (cf. Fig. 3). In these municipalities, all forest areas are
protected, while in others, only parts of them are protected. Hence,
cropland expands only over grassland in those areas. Since grassland

Fig. 4. Maps of municipality-scale midpoint characterization factors to assess the impacts of expanding urban land on pollination by Osmia (left) and apple production (right). Since urban
expansion was not modeled in the “NA” municipalities where no past expansions were observed (cf. Supplement 4.2.2), characterization factors were not calculated for these regions.
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Fig. 5. Endpoint characterization factors (CFs) per land cover type for impacts on two ecosystem services: climate regulation (A) and market value (B). Market value is equal to the value of
apples, crops and livestock (decomposition in C, where the values of apples are labeled for visualization).

is a less suitable habitat for pollinators than cropland in our implementation of the InVEST model – most of the grassland is dedicated to grazing in Luxembourg (cf. the Supplement A.4.3.1) –, the expansion of
cropland has a positive effect on pollination in these municipalities.
Overall, these aspects (trade-offs between ecosystem services, interactions between ecosystem functions, landscape effects and socio-

economic characteristics) were still not addressed in the calculation of
CFs (Arbault et al., 2014; Maia de Souza et al., 2018; Othoniel et al.,
2016; Teixeira, 2014). Addressing them, our approach for calculating
CFs better complies with the state-of-the-art assessment of land use
and impacts on ecosystem services (e.g., Yan, 2018). In this regard, we
calculated the ﬁrst CFs that allow to assess impacts on pollination (we

Fig. 6. Maps of municipality scale endpoint characterizations factors to assess the impacts of expanding urban land on the market value (left) and the climate regulation value (right) of
ecosystem services. Since urban expansion was not modeled in the “NA” municipalities where no past expansions were observed, characterization factors were not calculated for these
regions.
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Fig. 7. Results of the land use model's validation with a ROC test (summary statistics: the area under the curve in [0,1], with 1 meaning that the model's prediction is perfect and with 0.5
being the validity of a random model). For each type of land cover, a boxplot describes the distribution of the model's validity over the municipalities of Luxembourg. In a boxplot, the bold
line inside the box indicates the median of the plotted distribution, while the two sides of the box indicate its lower and upper quartiles. Also, be x the interquartile distance, the outside
bars (“whiskers”) indicate the values within 1.5 × x from the quartiles. Finally, the points represent outliers, which are more than 1.5 × x away from the quartiles.

Fig. 8. Comparison of the carbon ﬂux simulated by BIOME-BGC (black lines) with Eddy-covariance measures (red dots; from FLUXNET, 2018). As can be seen, the model replicates well the
observed data. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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rely on Crenna et al., 2017, for this assertion). We argue that we could
not have achieved this 1) if we had followed the framework of the
UNEP/SETAC, and 2) without the initial assumption of marginal demands for land covers. We discuss these two arguments in the section
“Towards a real-world application of the approach”.
Considering the regionalization of the CFs, this provides insights on
the spatial variability of impacts on ecosystem services, in our case,
among the municipalities of Luxembourg. As can be seen in Fig. 3, this
variability depends on the types of the assessed land cover and ecosystem function/service. For instance, the impact of urban expansion on
pollination varies more, over the municipalities, than the impact of
urban expansion on crop production. This implies that the impacts calculated in LCA thanks to country scale CFs could be quite far from the actual impacts. Therefore, municipality scale CFs should be used when it is
relevant from a decision-making point of view. That is when the
decision-makers using LCA can decide on where to implement their
production and can conduct an inventory of land use at such a local
scale. This will generally be the case when modeling the “foreground
system” of the studied product's life cycle (Hauschild et al., 2018). Furthermore, the high variability should be communicated with the
country-scale CFs, as discussed in the following section.
4.2. Building the credibility of the characterization factors
Because we propose to use quite complex model in a predictive way
to calculate CFs, their values may seem “unrealistic” at ﬁrst glance.
Therefore, it is necessary to establish their credibility, in order to foster
their integration in decision-making practices. To this end, several efforts are required.
First, the calculation of CFs should be transparent. That is why we
thoroughly described our approach, so that other practitioners can replicate it in a standardized way.
Second, the validity of the characterization model should be communicated, as a proof of its predictive capacity (Pontius and
Parmentier, 2014). In our case, the part of the characterization model
that simulates land use is the least valid one, while the other parts appear as more accurate. The validity of our land use submodel is a critical
issue that hampers the direct application of the CFs calculated in this
paper. However, we argue that this does not question the proposed calculation approach and the use of such model for calculating CFs. Instead,
we argue that improving the modeling of land use and land cover
changes should be a priority for calculating credible CFs. Into details,
the land use submodel performs worse for cropland, grassland and forests (cf. Fig. 7). To improve the modeling of cropland and grassland, the
granularity of these land cover classes could be increased, i.e., cropland
could be divided into rapeseed, maize, wheat, etc., and grassland into
natural grasslands, pastures and meadows. Also, an economic model
could be added, e.g., a partial equilibrium model for the agricultural sector of Luxembourg (Rege et al., 2016). As a result, the land use model
should better simulate the land covers that are dedicated to agricultural
uses. For simulating the expansion of forests, we encountered the issue
that this type of land cover did not substantially expand in the past.
Therefore, we had little information available to calibrate the model.
In fact, this remark applies to all land uses in Luxembourg. Because relatively few land use changes occurred in the past, there is a weak signal
to interpret, which is always more difﬁcult to simulate. On top of this,
more accurate land use data could be used, for instance from direct observations (Ministère de la mobilité et des travaux publics du GrandDuché du Luxembourg, 2019). In this study, we relied on CORINE land
cover data because we needed at least three points in time to calibrate
and validate the model (only two were available for direct observations). Otherwise, other models than those adopted in this study should
be tested, as they may be more accurate and practical for calculating CFs.
In this regard, comparable standards of validity should be used in order
to benchmark the quality of CFs calculated with different models or in
different regions. Nonetheless, which approach to follow for the

validation of spatial land cover models, and how to benchmark validation results between different models and applications are still debated
questions (Pontius and Millones, 2011; van Vliet et al., 2016).
Finally, the quality of the CFs should be better communicated, for example by presenting conﬁdence intervals that quantify the CF's potential error and uncertainty (Baustert et al., 2018). In the present study,
we did not calculate such intervals, since we considered the model as
not valid enough to disseminate our CFs to decision-makers. Still, we
provide a few insights on how to calculate those intervals. Concerning
the evaluation of the CFs' error, this should be related to the validation
of the models and should depend on the observed accuracy over the validation period. Concerning the assessment of the CFs' uncertainty, this
may require dedicated efforts and potentially new methodological developments, given the current state of uncertainty analysis practices
for integrated assessment models (Baustert et al., 2018). Following a
precautionary principle, we qualitatively describe the level of uncertainty of our CFs as “very uncertain” and do not recommend their direct
use in LCA. We identify the potential sources of uncertainty in the Supplement A.4.6. One source that is speciﬁc to our approach is the calculation of country-scale CFs from municipality-scale CFs. In the present
article, we calculated the former as the arithmetic mean of the latter.
However, it would also make sense to weight the municipality-scale
CFs before computing their mean. For instance, for a given land cover
type s, it would make sense to assign to each municipality r a weight
that is equal to the ratio of the past expansion of s in r over the past expansion of s in the whole country. Nonetheless, this raises further questions about, for example, the period over which past expansions should
be observed.
4.3. Towards a real-world application of the approach
In the present study, we developed a novel approach for calculating
CFs and tested it focusing on the case of Luxembourg. Since our approach does provide several advantages, we hope that it will be further
applied, using improved versions of our models or other models, to calculate CFs for all the countries in the world. Accordingly, to help the future calculators of CFs, we identify three challenges that should be
tackled through such endeavor.
First, calculating CFs according to our approach for many countries, if
not all, could be time consuming. Nevertheless, an automatized procedure could be established in order to optimize the efforts invested in
the implementation of characterization models that cover the world
(e.g., Martínez-López et al., 2018). Also, the analysis of CFs calculated
in different countries could focus on identifying national characteristics
that inﬂuence the variability of the CFs. Understanding what causes the
CFs to vary between countries could help reduce the calculation of CFs
for the whole world, since the CFs calculated for a country may be
used as a proxy for other countries with similar socio-economic characteristics and land use change constraints. As an example, CFs calculated
for Luxembourg may be valid for the entire Benelux region, since
Belgium, the Netherlands and Luxembourg share common characteristics in terms of ecological conditions, land and ecosystems management, territorial organization and agricultural development. Still, this
requires a validation.
Second, the list of land covers, ecosystem functions and services for
which CFs are calculated should be increased. Since these issues were already analyzed by other research, notably in Koellner et al. (2013a),
Maia de Souza et al. (2018) and Alejandre et al. (2019), we discuss
them in the Supplement A.3. Still, a speciﬁc point on which our results
bring insights is the valuation of the beneﬁts provided by ecosystem services. In the present study, we valued them in monetary terms. Such
monetization of ecosystem services is still debated (Saarikoski et al.,
2016), mostly because it can hardly encompass the values of the services supported by non-marketed ecosystem products (Polasky et al.,
2015). Moreover, monetary valuation can become counter-productive
if it induces a commodiﬁcation of ecosystem services (Gómez-
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Baggethun et al., 2010; Gómez-Baggethun and Ruiz-Pérez, 2011). Considering our ﬁndings, we see, in the case of forest, that its expansion
can improve pollination and therefore the production of apples (cf.
Fig. 3), which are marketed. However, because forests spread over cropland and grassland in our model, the beneﬁts underpinning the production of apples are cancelled by the potential losses of marketed crops
and livestock. As a result, forest expansion appears to have an overall
negative impact on the production of ecosystem products. While this
may be true from an economic point of view, such aggregation can
hide details that may be relevant for decision makers if, for instance,
they strongly prefer apples to crops and livestock for non-economic reasons. Therefore, it seems advisable to consider midpoint and endpoint
impacts in parallel when ecosystem services are monetized at the endpoint level. Furthermore, non-monetary valuation methods could also
be used in endpoint characterization models. The DALYs indicator, for
instance, which is used in LCA to assess impacts on health, could serve
to value the services that affect people's health for example (Pﬁster
et al., 2009, 2014). Moreover, Pascual et al. (2017) recently proposed
an approach to value nature's contribution to people (ecosystem services in other words) in the frame of the Intergovernmental Platform
on Biodiversity and Ecosystem Services (IPBES). They argue, like
Jacobs et al. (2016) for instance, in favor of developing decisionsupport tools that provide multiple value indicators (and therefore
use several valuation methods) in order to acknowledge the intrinsic,
instrumental and relational values of ecosystem services. Our approach
would certainly beneﬁt from using other valuation methods. For instance, we did not account for an important social beneﬁt obtained
from apples, which are much used in Luxembourg for the nonmarketed production of traditional liquors that eventually are a nonnegligible ecosystem service.
In the end, our CFs are not compatible with the current modeling of
land use in LCI databases. According to the framework of the UNEPSETAC (Koellner et al., 2013b; Milà et al., 2007), the land use associated
with a unit process is modeled with three types of stressors in LCI databases. First, a “land occupation” stressor that represents keeping land
under a certain type of land use/cover for a certain period. Second and
third, two “land transformation” stressors that are called “from” and
“to”, and that represent the conversion of land “from” a certain type
“to” another. The impact of each of these stressors should then be
assessed with a speciﬁc CF. These steps are further detailed in the Supplement D. Therefore, according to this framework, we should calculate
CFs that assess the impact on ecosystem services of expanding cropland,
for instance, without considering in place of what it expands. Inversely,
we should calculate CFs that assess the impact on ecosystem services of
converting a forest, for instance, without considering what replaces it. In
this, we see several issues, which we detail in the Supplement D. In summary, the main issue comes from the fact that the impact of expanding a
given land cover depends on where it occurs and what it replaces,
i.e., there is a landscape effect. Furthermore, where this land cover expands and what it replaces also depend on each other. Therefore,
when modeling them separately, which the framework of the UNEPSETAC implies, all these interactions are omitted. As a consequence,
we argue that the modeling of land use in LCI could be rethought in
order to ﬁt our initial (and ideally more representative) assumption of
quantifying “demands” for land covers as drivers of land cover changes
(cf. Chaplin-Kramer et al. (2017) too). This would make the land use results of LCI more in line with the structure of existing land use models
that generally aim to simulate where and in place of what land covers
will increase in response to driving land demands (Verburg et al.,
2006). Subsequently, this would allow to use existing models of ecosystem functions and services that aim, in part, to simulate landscape effects. We thus propose to inventory, for all the unit processes in LCI
databases, land use stressors that would describe by how much different land covers will be expanded to conduct these processes. These
stressors should be close to the current transformation “to” stressors.
For instance, producing y kg of maize will imply a demand for x m2 of
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cropland. The impacts on ecosystem services of these stressors would
then be assessed according to Eq. 4 with CFs like ours. The duration of
land use, if needed, could be expressed with a speciﬁc variable, named
“duration of land use”, for instance. Otherwise, demands for land covers
could be expressed in m2.yr, like the current “land occupation” stressors,
in order to calculate long-term impacts of land use. Ultimately, such an
approach deserves further research since it would allow a more representative assessment of the impacts of land use on ecosystem services
in LCA.
5. Conclusions
In this paper, we developed, for the case of Luxembourg, an original
method and related modeling framework for characterizing the impacts
of land use on ecosystem services in LCA. Accordingly, we could overcome several limitations that were previously observed in the calculation of CFs dedicated to these impacts. A main reason is that we used
models that are acknowledged in the ﬁeld of ecosystem services assessment, and so far considered outside of the LCA research domain. Because these models can be quite complex and uncertain, their validity
must be evaluated in order to establish the credibility of the CFs. Once
this is done, we can beneﬁt from the fact that they have been sharpened
through past research in the ﬁeld of integrated ecosystems modeling,
and thus accurately simulate the cause effect chain underlying the impact of land use on ecosystem services. Furthermore, using models
that are already established in decision practices allows to calculate
CFs that yield LCA impact indicators that are well-anchored in such decision practices.
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