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• Regionalised impacts of agriculture are
assessed using farm accountancy data.

• Net value added is a suitable functional
unit to compare agricultural products.

• Impacts expressed per mass and economic
functional units are compared.

• Environmental impacts are offset propor-
tionally by the economic goal sought.

• Many herbaceous holdings show consis-
tent negative net value added.
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Understanding the environmental impacts of current agricultural practices is a starting point for transitioning towards
sustainable agriculture, which is a goal to be achieved by the European Union. This study aims to provide a set of en-
vironmental impact indicators with which to assess and compare the environmental performance of a broad group of
agricultural reference holdings at the Spanish NUTS 2 level. A life cycle assessment approach based on statistical data
on farm accountancy is applied. The unit of analysis is a reference holding onwhich a specific crop is grown in a NUTS
2 and follows a specific management system (open-field irrigated, open-field rainfed, or greenhouse). The system
boundaries are set at the farm gate, and the impact results are expressed per 1 € of net value added. Formost reference
holdings, the EF scores per net value added are similar regardless of their EF scores per kg commodity, suggesting a
correspondence between the use of resources and the economic results. The environmental footprint is clustered
into four groups. The first one accounts for 78% of the sample and represents the holdings with the lowest impact (be-
tween 9.7·10−5 and 2.88·10−3 EF score·NVAfc

−1); the second cluster groups seven reference holdings (3 herbaceous
and 4 Mediterranean perennial crops) with an environmental footprint of between 3.04·10−3 and 9.01·10−3 EF
score·NVAfc

−1; the third group comprises four irrigated herbaceous crops holdings with the highest impact (between
1.37·10−2 and 2.13·10−2 EF score·NVAfc

−1); and the last group corresponds to the holdings with economic losses
(mostly herbaceous and two Mediterranean perennial crops). This research highlights the challenge of improving
the competitiveness and profitability of Spanish farming. In this way, agricultural practices that generate environmen-
tal impacts without achieving their economic goals would be avoided.
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1. Introduction

Not only must agriculture respond to its primary function of supplying
food, but also has to adapt to the social and economic needs of the region,
2023

le under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.164937&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2023.164937
mailto:nelsiso@doctor.upv.es
http://dx.doi.org/10.1016/j.scitotenv.2023.164937
http://creativecommons.org/licenses/by-nc/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


N.K. Sinisterra-Solís et al. Science of the Total Environment 894 (2023) 164937
as well as to the environmental challenges that societies face. As a funda-
mental link of the food chain, it causes both positive (e.g. soil functionality
improvement, carbon sequestration) and negative (e.g. pollution of soil, air,
and freshwater) externalities on the environment (Chen et al., 2014;
Pajewski et al., 2020). In fact, most of the negative environmental loads
of the food chain are associated with the agricultural stage (Djekic et al.,
2018; Pandey et al., 2011; Ribal et al., 2019).

Through the European Green Deal (EC, 2023a), two strategies are set
out that address agriculture, namely Farm-to-Fork and Biodiversity 2030.
These strategies seek to reduce the use of pesticides and the excess of nutri-
ents in the environment (EC, 2023b, 2020) by promoting precision agricul-
ture, organic farming, and agroecology (EC, 2019). Consequently, the new
CAP 2023–27 aims to contribute to the Green Deal goals and the current
challenges of European agriculture by reinforcing the support to smaller
farms and offering greater flexibility for the state members to adopt those
measures which best fit their local conditions (EUCO, 2023). The CAP
goals are adapted to Spanish agriculture by means of the Spanish CAP
Strategic Plan (MAPA, 2023a). As far as environmental sustainability is
concerned, in addition to the mitigation of and adaptation to climate
change, the Spanish Plan highlights the need to promote efficient irrigation
and improve soil quality (MAPA, 2023a). Hence, understanding the envi-
ronmental impacts of agriculture is a starting point for transitioning to-
wards sustainable systems, and a basis for contrasting the results of future
policies to enhance agricultural sustainability.

Life cycle assessment (LCA), described in the environmental manage-
ment standards ISO 14040 and 14044 (ISO, 2006a,b, 2017), is the most
widely used methodology with which to assess the negative environmental
impacts of anthropogenic activities (Hélias et al., 2022), such as agriculture,
and is a valuable tool to support sustainable transitions (Sala et al., 2021).
The vast body of literature on agricultural LCAs shows that the decision
context, the functional unit (FU), and the representativeness of the inven-
tory data are critical issues. The ILCD Handbook (EC-JRC, 2010) defines
four potential decision contexts (A, B, C1, or C2) not always explicit in ag-
ricultural case studies; however, the definition of the decision context is
crucial as it determines the modelling framework for the life cycle inven-
tory (LCI), either attributional or consequential. The FU must adequately
represent the system's functions, especially in comparative studies (Djekic
et al., 2018; O et al., 2023; Ponsioen and van der Werf, 2017). Four types
of FU are used in agricultural LCAs (Alhashim et al., 2021; Notarnicola
et al., 2015), based on the mass of the product (M-FU), area of land occu-
pied (A-FU), nutritional criteria (N-FU), or economic parameters (E-FU).
These FUs work similarly in identifying hotspots (O et al., 2023), although
in comparative LCAs, their performance may vary (Cerutti et al., 2013;
Notarnicola et al., 2015). M-FU (e.g. 1 kg of a commodity) is the most com-
monly used (Cerutti et al., 2014, 2013; Djekic et al., 2018), and indicates
the impacts per weight of a desired output without accounting for its qual-
ity (O et al., 2023). A-FU (e.g. 1 ha) expresses the impacts per unit of land
required to grow a product and allows the farm management intensity to
be assessed (Mouron et al., 2006a). N-FU (e.g. 1 kg protein) gathers the
properties of agricultural commodities as a nutrient source; however,
foods provide an array of macro and micronutrients, and the key nutrients
can substantially differ from product to product, making comparisons diffi-
cult (e.g. oranges are a source of fibre and vitamin C and olives of fat). E-FU
(e.g. 1 € income) uses an economic or financial indicator to relate the im-
pacts (Cerutti et al., 2014; O et al., 2023). It makes it feasible to integrate
the quantity and quality of a product in a single FU, broadly representing
the function of agricultural commodities as economic goods and being ap-
propriate for comparative LCAs (Mouron et al., 2006a; Ponsioen and van
der Werf, 2017; Van Der Werf and Salou, 2015). The main disadvantage
of E-FU concerns the uncertainty associated with the economic context,
which can be mitigated by considering several years (Cerutti et al., 2014;
Mouron et al., 2006a). Ponsioen and van der Werf (2017) recommend
reporting the value of the economic indicator and the environmental
impacts per M-FU when using E-FUs.

Regionalised LCAs should be promoted in the agricultural context since
policies to achieve sustainable agriculture must be developed at the
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regional level and adapted to its opportunities and constraints (Benoît
et al., 2012; Pradeleix et al., 2022). Regionalised LCAs pose a challenge re-
garding the accuracy and representativeness of the inventory analysis
(Avadí et al., 2016; Pradeleix et al., 2022). Different approaches to
obtaining the activity data may be found in the literature; although those
based on primary sources represent greater accuracy, they require signifi-
cant efforts to acquire representativeness. Avadí et al. (2016) developed a
regionalized inventory combining the calculation of LCAs at the farm
level from a representative sample, followed by a principal component
analysis to develop farm typologies. Avadí et al. (2018) constructed virtual
representative farms using regional statistics, representing the dominant
farm types of a given region. Pradeleix et al. (2022) proposed an approach
based on Agrarian System Diagnosis; whereas Jan et al. (2012), Dolman
et al. (2014), and Sinisterra-Solís et al. (2023a, 2023b) used Farm Accoun-
tancy DataNetwork (FADN) as themain data source for the development of
the LCIs.

Several studies assess Spanish agriculture at the regional level. Aguilera
et al. (2015a, 2015b) estimated the global warming potential of representa-
tive herbaceous and fruit tree crops, both conventional and organic, using
average data from personal interviews with farmers. Ribal et al. (2017)
assessed orange production in the Valencia region (Spain); they elicited
the activity data from a broad survey of farmers and applied a bootstrap
technique to obtain confidence intervals of the average impact scores.
Martin-Gorriz et al. (2020) evaluated the impacts of fruit and vegetables
in the Region of Murcia (Spain) using representative data from agricultural
information systems and other literature sources to develop the LCI.
Sinisterra-Solís et al. (2023a, 2023b) proposed an approach to account for
the impacts of representative holdings at the NUTS 2 level using the annual
studies of costs and incomes of agricultural holdings, the so-called ECREA
database (MAPA, 2023b). To validate their approach, they estimated the
impacts of tomatoes and oranges and compared their results with the liter-
ature in the same NUTS 2.

To the authors' knowledge, a comprehensive environmental assessment
at a NUTS 2 level in Spain applied to a broad group of crops is not found in
the literature. Understanding the importance of data generation, this study
aims to account for the environmental impacts and compare the environ-
mental performance of a broad group of agricultural reference holdings at
the Spanish regional level (i.e. NUTS 2). The EF has been selected for com-
parison purposes because it is a comprehensive indicator. To capture both
the temporal variability and that of the management practices, data from
an 8-year period (from 2010 to 2017) have been used. These indicators
can serve as a basis for a comparison with those resulting from the applica-
tion of future policies supporting the transition to sustainable agriculture
within the framework of the CAP 2023–27.

2. Materials and methods

This study corresponds to an attributional LCA, which considers a type
C accounting decision-context according to the ILCD Handbook (EC-JRC,
2010), where regionalised LCIs are developed using ECREA-FADN data
and other representative secondary sources (i.e. official statistics) to esti-
mate representative activity data for farming typologies (reference hold-
ings) at the NUTS 2 level. The approach developed by Sinisterra-Solís
et al. (2023a, 2023b) to account for the environmental impacts of Spanish
agriculture at the NUTS 2 level is used. ECREA-FADN is a non-
standardised Spanish FADN that reports farm activity accountancy in the
Spanish regions in greater detail than in the RECAN, the Standardised
Spanish FADN (MAPA, 2023c, 2008).

2.1. Context of the study

Reference holdings configured from ECREA-FADN are the unit of anal-
ysis of this study. For each crop under a particular management system in a
specific NUTS 2, ECREA-FADN gathers annual information on the average
financial results of a group of farms (e.g. income, expenses and profit indi-
cators) together with the description of the agricultural practices and some
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activity data (e.g. amount of macronutrient supplied, yield), which repre-
sent a reference holding. In particular, the ECREA-FADN compiled in the
“Dbi1_ECREA” dataset in Sinisterra-Solís et al. (2023b) was used. This
dataset collects data from 200 reference holdings from 2010 to 2017, the
most up-to-date in ECREA-FADNwhen this studywas developed, represent-
ing 64 crops in 9 of the 17 NUTS 2 of the Spanish territory (MAPA, 2023b).

An ID variable was created to name the reference holdings assessed, as
detailed in Table 1, which consists of four items separated by hyphens. The
first item is an acronym that groups the reference holdings according to the
type of crops in the ECREA-FADN classification (i.e. fruit tree, herbaceous,
Mediterranean perennial, and vegetables crops). The second corresponds to
the crop's name, the third to the management system used, and the last to
the NUTS 2.

To account for the temporal variability, following Cerutti et al. (2014),
those reference holdings with data for four or more years are considered in
this study, resulting in a total of 140 reference holdings. As explained in
Sinisterra-Solís et al. (2023a), not all the reference holdings were analysed
since the source used to estimate the consumption of pesticides (MAPA,
2021) only provides data for some of the crops gathered in ECREA-FADN;
thus, 115 of the 140 reference holdings were included in the study.
Table 2 shows the number of reference holdings that make up the sample
in each NUTS 2, and the number of reference holdings assessed and ex-
cluded; in addition, the studied crops are detailed, as are the management
systems (greenhouse, irrigated open-field and rainfed open-field) used in
each NUTS 2. The supplementary material (T-1 in SM-1) provides informa-
tion about the yield, average farm area and the number of yearswith data of
the reference holdings to be analysed.

To give an idea of the representativeness of the study, the percentage of
the agricultural surface area analysed in each NUTS 2 has been identified
(Fig. 1) by linking the reference holdings analysed in this study with the ag-
ricultural surface area of the corresponding NUTS 2, excluding the fallow
surface area (MAPA, 2023d). Specifically, the sample assessed for each
NUTS 2 represented 87.59 % of the agricultural surface area of Castilla-La
Mancha (CM); 79.14 % of Castilla y León (CL); 74.91 % of Aragón (AR);
71.06 % of Andalucía (AN); 65.99 % of Extremadura (EX); 61.54 % of
Comunidad Valenciana (VC); and 52.22 % of Murcia (MC).

In addition, the representativeness of this study regarding the production
of the 42 crops considered for the year 2017 is shown in T-3 (SM-1). Accord-
ing to production statistics fromMAPA, 2023e, most of the crops (28) in the
NUTS 2 assessed representmore than 56% of the total Spanish production of
the crop in that very year. Nine of the assessed crops (olive, olive for oil, or-
ange, strawberry, watermelon, sunflower, durum wheat and tomato) repre-
sent more than 90 % of the total production. For eighteen of the crops, this
representativeness is between 57 % and 87 % (e.g. oat, almond, wine
grape, barley and soft wheat). In thirteen crops, the cover is lower than
46 % and lower than 15 % in five (apple, extra early potato, cherry, cauli-
flower and cabbage). Still, this last group is not relevant with respect to the
surface area cultivated in Spain. Finally, it must be highlighted that
Table 1
Name and acronym, in parentheses, of the items assigned to the ID variable of the
analysed reference holdings.

Type of crop:
Fruit trees (Fr); Herbaceous (He); Mediterranean perennials (Me); Vegetables (Ve).
Crop:
Apple (App); Apricot (Apr); Cherry (Che); Lemon (Lem); Mandarin (Man); Melon
(Mel); Nectarine (Nec); Orange (Ora); Peach (Pea); Pear (Per); Persimmon (Pers); Plum
(Plu); Barley (Bar); Durum wheat (Dwh); Oat (Oat); Rye (Rye); Sunflower (Sun); Soft
wheat (Swh); Triticale (Tri); Almond (Alm); Olive (Ol); Olive for oil (Olo); Wine grape
(Wgr); Artichoke (Art); Broccoli (Bro); Cabbage (Cab); Cauliflower (Cau); Celery (Cel);
Chard (Cha); Courgette (Cou); Cucumber (Cuc); Extra early potato (Eep); Garlic (Gar);
Lettuce (Let); Midseason potato (Mpo); Onion (Oni); Pepper (Pep); Pepper for paprika
(Ppe); Strawberry (Str); Tomato industry (Toi); Tomato (Tom); Watermelon (Wat).
Management system:
Irrigated open field (IO); Rainfed open field (RO); Irrigated greenhouse (IG).
NUTS 2:
Aragón (AR); Región de Murcia (MC); Comunidad Valenciana (VC); Extremadura (EX);
Andalucía (AN); Castilla-La Mancha (CM); Castilla y León (CL).
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production data for persimmon were not found in the MAPA, 2023e. Other
representative crops in some of the studied NUTS 2 are outside ECREA-
FADNandhave, thus, not been included. Both these crops and those excluded
due to the above criteria are shown in T-2 in SM-1.

2.2. System boundaries and functional unit

The approach applied was restricted to the farming stage; thus, the sys-
tem boundaries were set at the farm gate, including all the relevant stages
from the production of agricultural inputs to the farm gate (Fig. 2). As ex-
plained in Sinisterra-Solís et al. (2023a), the transport of agricultural inputs
was not taken into account because its environmental loads are not rele-
vant.

The definition of the FU is critical since it can dramatically influence the
LCA results and their interpretation, especially in comparative studies.
Thus, the FU should pertinently represent both the qualitative and quanti-
tative issues of the function of the system under study from the perspective
of the information user, that is, the stakeholders of the supply chain
(Hauschild et al., 2018). In this study, an E-FU is used because, as com-
mented on in Section 1, it allows for the comparison of commodities with
different physical and nutritional features. In particular, considering that
this study aims to generate data to be potentially used by policymakers (tar-
get audience), the net value added (NVA) is used. Specifically, the NVA at
factor cost generated per kg of commodity (NVAfc) has been chosen to rep-
resent the economic results of the holdings, without considering govern-
ment interventions, such as taxes and subsidies; this expresses the
endogenous holdings' capacity to generate value added. Hence, the envi-
ronmental impacts are expressed per 1 € NVAfc. NVAfc is calculated as the
difference between the output value and that of the intermediary consump-
tion (Eq. (1)) reported in ECREA-FADN and in line with (MAPA, 2019).

NVAfc ¼ giþ in � dc � mc � ci � bc � oc � ac
y

(1)

where gi is the gross income and in is the damage insurance compensa-
tion, and the remaining variables of the numerator represent the inter-
mediary consumption: dc is the direct cost, mc is the machinery cost, ci
is the capital insurance cost, bc are the maintenance costs, oc are other
costs, and ac is the amortisation of non-current assets. These variables are
originally expressed at nominal prices per hectare and year, and they are
thus converted to actual prices to disregard the inflation effect. In particu-
lar, the income (gi and in) and cost (dc, mc, ci, cb, oc and ac) variables
have been adjusted on the basis of the price indices received and paid by
farmers, taking 2010 as the base year (MAPA, 2023f, 2023g). In addition,
they are divided bythe yield per hectare yð Þ of the respective year to obtain
the NVAfc per kg commodity. Following the recommendation of Ponsioen
and van der Werf (2017), the impacts per M-FU (1 kg of commodity) and
the NVAfc scores are provided in the SM.

2.3. Inventory data

The activity data for the life cycle inventory (LCI) of each reference
holding (i.e. input consumption and on-field emissions) were estimated fol-
lowing Sinisterra-Solís et al. (2023a) from ECREA-FADN data, other official
sources and the scientific literature gathered in Sinisterra-Solís et al.
(2023b).

According to Notarnicola et al. (2015), the commodity's mass was the
reference unit of analysis at the inventory level and the inputs and emis-
sions were expressed per 1 kg of agricultural commodity (SM-2). Therefore,
the impactswere calculated per 1 kg of the commodity and subsequently di-
vided by their respective NVAfc to estimate the impacts per 1 €.

2.4. Impact categories and impact assessment methods

Following the EU recommendations for the measurement of environ-
mental performance, the most up-to-date version of its method (EF v3.0)



Table 2
Reference holdings at the NUTS 2 level in Spain with data available for four or more years.

AN AR CL CM EX MC VC Total

Number of reference holdings 24 20 21 24 15 15 21 140
Number of reference holdings assessed 20 16 10 21 13 15 20 115
Number of reference holdings not assessed 4 4 11 3 2 0 1 25
Crop

Fruit trees 26
Apple IO 1
Apricot IO IO 2
Caroba RO 1
Cherry RO 1
Persimmon IO 1
Lemon IO IO 2
Mandarin IO 1
Nectarine IO IO IO IO 4
Orange IO IO IO 3
Peach IO IO IO IO 4
Pear IO IO 2
Plum IO IO IO IO 4

Herbaceous 54
Alfalfaa IO RO, IO 3
Barley RO, IO RO, IO RO, IO RO 7
Sugar Beeta IO IO 2
Chickpeasa RO 1
Rapeseeda RO, IO 2
Corna IO IO IO IO IO 5
Cottona IO 1
Dried peasa RO RO RO, IO 4
Durum wheat RO RO, IO 3
Fodder corna IO 1
Forage vetcha RO 1
Lentilsa RO 1
Oat RO RO RO RO 4
Ryegrassa IO 1
Ricea IO IO 2
Rye RO RO 2
Sunflower RO RO RO, IO RO 5
Soft wheat RO RO, IO RO, IO RO RO, IO 8
Triticale RO 1

Mediterranean perennials 23
Almond RO RO RO RO, IO 5
Olive for oil RO, IO RO, IO RO, IO RO, IO RO 9
Olive RO, IO RO 3
Wine grape IO RO RO RO, IO RO 6

Vegetables 37
Artichoke IO 1
Broccoli IO 1
Cabbage IO 1
Cantaloupe RO, IO IO IO 4
Cauliflower IO 1
Celery IO 1
Chard IG IG 2
Cucumber IG 1
Garlic IO 1
Lettuce IO 1
Onion IO IO 2
Pepper IG IG IG 3
Pepper for Paprika IO 1
Extra early potato IO, IG 2
Midseason potato IO 1
Strawberry IG 1
Tomato industry IO IO 2
Tomato IG IO, IG IG IG 5
Watermelon RO, IO IO IO IO 5
Courgette IG 1

AN: Andalucía; AR: Aragón; CL: Castilla y León; CM: Castilla-La Mancha; EX: Extremadura; MC:Murcia; VC: Comunidad Valenciana; RO: crop in rainfed system; IO: crop in irri-
gated system; IG: crop in greenhouse.

a Crops not assessed because the data on pesticide consumption were not found in the sources consulted.
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when this study was developed (EC, 2023c) was used to estimate the envi-
ronmental footprint indicator (EF) and the midpoint impact categories. In
addition, the ReCiPe endpoint indicators v1.1 (Huijbregts et al., 2017)
were calculated to provide decision-makers with a comprehensive environ-
mental impact dataset considering the three levels of analysis.
4

2.5. Uncertainty modelling

As far as data availability is concerned, two sources of uncertainty are
assessed. Firstly, the temporal variability has been addressed by consider-
ing various years, as recommended for agricultural LCAs (Cerutti et al.,



Fig. 1. Agricultural surface area (%) covered, excluding the fallow surface area, of the Spanish NUTS 2 represented in this study.
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2014). It should be noted that cross-sectional variability (i.e. that from the
holdings sample) is not considered as only average values are reported in
ECREA (MAPA, 2023b). Secondly, the uncertainty associated with some
input data was modelled as in Sinisterra-Solís et al. (2023b, 2023a), assum-
ing non-parametrical distributions and considering 1000 simulations for
each year assessed. Consequently, for each impact indicator, results were
estimated as the median of the simulations for every year analysed, indicat-
ing its confidence interval (between 2.5 % and 97.5 % of the data). As the
Fig. 2. System boundaries for the environmental assessment of th

5

uncertainty of the impacts has beenmodelled from non-parametrical distri-
butions in the input data, the results are assumed to be non-normally
distributed.

2.6. Software and background processes databases

The code files in the R programming language (R Core Team, 2021) and
the dataset to estimate the environmental impacts of the reference holdings
e reference holdings assessed (Sinisterra-Solís et al., 2023a).



N.K. Sinisterra-Solís et al. Science of the Total Environment 894 (2023) 164937
are presented in Sinisterra-Solís et al. (2023b). It must be remarked that in
that publication, the unit environmental impacts associated with upstream
processes were not reported in the respective file (“Dbi3_unit_impact”) due
to copyright issues; thus, when applying the code, the actual impact scores
of upstream processes and the impact scores of on-field emissions from
fertiliser application were included in the “Dbi3_unit_impact” file. These
values were taken from Ecoinvent v3.8 (Wernet et al., 2016) and GaBi DB
(SPHERA, 2022) databases using GaBi professional v10 software.

3. Results

The complete set of environmental impacts is shown in SM-3, where sta-
tistics of central tendency, dispersion and confidence are provided. In the
following sections, descriptive statistics are used to develop a comparative
analysis of the EF scores of the reference holdings.

3.1. Environmental footprint analysis

Themedian of the EF scores of the reference holdings is grouped in four
panels according to the crop type (Fig. 3): fruit tree, herbaceous, Mediterra-
nean perennial (almonds, olives and wine grapes) and vegetable crops. For
interpretative convenience, the results are clustered into four groups. The
first one shows the lowest EF (between 9.7·10−5 and 2.88·10−3 EF
score·NVAfc

−1), and ismade up of 77.74% of the sample, namely 11 herba-
ceous crops, 17 Mediterranean perennial crops, and all the fruit tree and
vegetable crops. It is the most diverse group with a broad type of reference
holdings showing a broad range of EF scores per kg commodity. The corre-
spondence between the use of resources and the economic results is evident
in this group; this is because, despite the wide range of EF scores per kg
commodity, they converge when expressed per NVAfc, which is the group
with the narrowest dispersion in terms of the EF scores per NVAfc. The sec-
ond cluster presents an intermediate performance, between 3.04·10−3 and
9.01·10−3 EF score·NVAfc

−1, and it is made up of 7 reference holdings
(3 herbaceous and 4 Mediterranean perennial crops); whereas the third
Fig. 3.Median environmental footprint scores of the reference holdings. Th
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group includes 4 irrigated herbaceous crops (soft wheat and barley in AR,
CM and CL) with the greatest impacts (between 1.37·10−2 and 2.13·10−2

EF score·NVAfc
−1). In these last two clusters, it is possible to observe a

high degree of dispersion both in the results per kg commodity and
NVAfc, suggesting there is less correspondence between the use of resources
and the economic results. The fourth cluster is made up of 14 reference
holdings (12 herbaceous and 2 Mediterranean perennial crops) which
showed negative NVAfc (economic losses). Even though 86 % of this
group corresponds to herbaceous crops in rainfed (12 reference holdings),
irrigated soft wheat in EX and irrigated barley in CL were the most critical
reference holdings because they exhibited the highest EF scores per loss of
NVAfc. In addition, it should be noted that the four oat holdings studied are
included in the fourth cluster. The negative economic results of these refer-
ence holdings can be explained by the low land productivity (yield) of these
crops in the corresponding NUTS 2, which was lower than the average
Spanish yield for the same crops in the years analysed reported in FAO
(2023).

Exploring the structure of the NVAfc (Fig. 4) can help to better under-
stand the results. Fruit tree and vegetable crops show the best economic
performance. In the fruit tree crops, intermediate costs, mainly those of
fertilisers, and general direct costs are the ones with the greatest share,
and for the vegetables group, seed costs and general direct costs predomi-
nate. Machinery (including fuel, maintenance, and the price of the
outsourced service), amortisation and fertilisers are the most relevant oper-
ating costs through the holdings of herbaceous and Mediterranean peren-
nial crops, and are relatively greater in those with a negative economic
result. Another heading to be highlighted in the irrigated herbaceous
crops with negative NVA is the direct general cost.

3.2. Contribution analysis

Generally speaking, the relative contribution of the life cycle stages
analysed to the EF scores of the reference holdings substantially differ de-
pending on the type of crop and management system (Fig. 5). The relative
e size of the symbol is proportional to the EF score per kg commodity.



Fig. 4. Average structure of the intermediate costs of the reference holdings analysed. RO, IO and IG indicate rainfed and irrigated open field and greenhouse systems,
respectively. + and - indicate positive and negative NVAfc.
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contribution of the stages in eachNUTS 2 is similar, except in the case of the
vegetable crops, where the share varies depending on the NUTS 2. It must
also be noted that in the case of the irrigated fruit tree crops, the contribu-
tion of the on-field operation stage for the reference holdings in EX is
greater than in the remaining NUTS 2. As for the herbaceous crops, no dif-
ferences can be found between the relative contribution of the stages of the
reference holdings with positive and negative NVAfc.

Irrigation is the most influential stage in the EF scores of the reference
holdings of fruit tree and vegetable crops, followed by on-field operations
and infrastructure. In contrast, the stages of fertiliser and pesticide produc-
tion were those that contributed the least to the EF. It must be noted
that due to the relatively high amount of fertilisers applied or the lower
irrigation dose, the stages contributing the most in some fruit tree and veg-
etable reference holdings were on-field operation (e.g. Fr_Pea_IO_EX,
Fr_Nec_IO_EX, Ve_Eep_IO_VC and Ve_Mpo_IO_CL) and infrastructure
(namely Ve_Eep_IG_VC, Ve_Cha_IG_VC and Ve_Cha_IG_CM). In addition, ir-
rigation was not influential in Fr_Che_RO_VC because it was the only
rainfed reference holding of fruit tree crops; therefore, the stage that con-
tributed the most to its EF was that of on-field operation.

Different patterns are observed for the reference holdings correspond-
ing to Mediterranean perennial and herbaceous crops. On the one hand,
similar to fruit tree and vegetable crops, irrigation, on-field operation and
infrastructure were the stageswith the greatest share for the irrigated refer-
ence holdings, with irrigation being the most influential stage. Secondly,
the on-field operation had the greatest share in the rainfed reference hold-
ings, although fertiliser production and machinery were also relevant. The
sunflower reference holdings were an exception to this (He_Sun_RO_AN,
He_Sun_RO_AR, He_Sun_RO_CL and He_Sun_RO_CM), in which the use of
machinery was the stage with the highest share; this can be explained by
7

the low contribution of on-field operation, due to the low quantity of
fertilisers applied in these holdings.

3.3. Implications of the selection of the functional unit

The environmental performance of the reference holdings as EF score
per euro of NVAfc is compared versus that expressed per kg of commodity
since it is themost commonly used in agricultural LCAs. Rankings are devel-
oped in descending order for each crop, since M-FU only works if compar-
ing the environmental impacts of similar products. The rankings of the
impacts of the reference holdings using both FUs are shown in SM-3,
while Fig. 6 shows the differences in the ranking position when the EF
score is expressed per M-FU instead of E-FU.

It can be observed that 54%of the holdings do not change their ranking
positions when using a M-FU, whereas the remaining 46 % show a shift of
a different order of magnitude. In particular, in the groups of fruit tree
and vegetable crops, most of the holdings keep their position in the rank-
ing (80.77 % and 70.27 %, respectively). In the case of herbaceous
and Mediterranean perennial crops, only 26.67 % and 30.43 % of the
holdings keep their position, and some of the holdings of these two groups
exhibit a marked shift in the ranking. For instance, of the eight holdings
growing soft wheat in the herbaceous crop group, He_Swh_IO_EX shifts
its position in the ranking by 88 %; it has the greatest impact when the
scores are expressed per E-FU and the second best when using M-FU. Of
the five holdings growing almonds in the Mediterranean perennial crops,
the worst performance is that of the one in Murcia (Me_Alm_RO_MC) with
the E-FU and the best is with the M-FU. These findings once more confirm
the influence of the FU in the results when comparative LCAs are
developed.



Fig. 5.Relative contribution of life cycle stages to the environmental impacts of the reference holdings at the SpanishNUTS 2 level in the period 2010–2017. Acronyms of the
y-axis are depicted in the SM-1. The reference holdings with negative NVA are highlighted with *.
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In this study, the economic value added is the FU used, as policymakers
are the potential target audience of the accounted impacts; however, other
economic and financial indicators can better represent the E-FU depending
on the target audience. For instance, in some studies aimed at farmers, the
receipts have been used as FU (Cerutti et al., 2013; Mouron et al., 2006a,
2006b); nevertheless, the use of profit-based indicators (e.g., Earnings
8

Before Interest Taxes Depreciation and Amortisation-EBITDA) can be a bet-
ter methodological choice, since they relate the environmental impacts
with the economic goal sought by the farmers. If customers were the target
audience, a suitable FU should represent the money paid by a customer to
obtain goods or services, such as the price, which was the FU used by Van
Der Werf and Salou (2015) and O et al. (2023).



Fig. 6. Ranking in descending order of the environmental footprint performance using 1 € of net value added (square) versus 1 kg commodity (rhombus) as functional unit.
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3.4. Adverse economic results versus negative environmental consequences

The results of this study show that 14 of the 115 reference holdings
assessed presented consistent economic losses over the years analysed.
Spanish agriculture is framed in a competitive market economy, where
many farmers provide the same commodities, making substitutions be-
tween them feasible. Taking this into account, it is debatable whether,
even under aweak vision of sustainability, where the substitution of natural
capital for manufactured is allowed (Hediger, 1999; López Pardo, 2012), it
is convenient to support the adverse effects on the environment of the hold-
ings with negative economic results. Assuming that these losses are not due
to an inconsistency derived from working with average data from ECREA-
FADN, since information on its distribution and dispersion is not provided,
the continuation of the economic activity of these holdings can be justified
for different reasons: among others, cultural aspects, the opportunity cost of
the land, the fact that agriculture is often developed as a secondary activity,
and in some cases because of subsidy collections. However, nowadays most
of the subsidies are decoupled from yield and linked to meet eco-
conditionality. It must be noted that agriculture contributes to fixing the
population in the so-called “emptied regions”, a decisive problem in some
Spanish NUTS 2, and also in other southern countries of the EU
9

(EUROSTAT, 2022; Newsham and Rowe, 2023). These positive externali-
ties should be weighed through a comprehensive cost-benefit analysis.

In this case study, most of the holdings showing consistently negative
output correspond to herbaceous crops, which should facilitate the imple-
mentation of standard measures to face this issue. As commented on in
Section 3.1, machinery and fertiliser present the greatest share in the herba-
ceous group. To improve the performance of these crops, political decisions
aimed at achieving an efficient use of agricultural inputs are needed in line
with objective 1 of the Spanish CAP Strategic Plan.

3.5. Assessing the representativeness of the results

The data sources used to configure the life cycle inventories of the refer-
ence holdings in the Spanish NUTS 2 can be considered representative of
the regional and technical levels of the crops analysed. Even with this, the
relationship between the average surface area of the reference holdings
and their environmental impacts needs to be analysed to know whether
the impact scores can be used to assess the environmental impacts of the
crops without considering the farm size. If no significant correlation be-
tween the two variables is found, it can be assumed that the estimated
scores can represent the environmental damages of farms regardless of



N.K. Sinisterra-Solís et al. Science of the Total Environment 894 (2023) 164937
their surface area, suggesting that there is no differential impact as a result
of the size effect. As shown in Fig. 7, no correlation between the average
size of the reference holding and the EF scores is observed for the four
types of crops, which supports the idea that the environmental performance
of the reference holdings estimated in this studywas not affected by the size
of the reference holdings. Therefore, as long as the opposite is not proven,
the impact results of this study can be used as a reference for a specific
crop in a NUTS 2 in Spain, regardless of the size of the holdings.

4. Discussion

The impacts accounted for in this study are subject to two kinds of lim-
itations: the LCA approach and the data source used. Regarding the LCA ap-
proach, it should be remarked that this study corresponds to a C decision
context in which purely descriptive accounting is considered (EC-JRC,
2010). In particular, a retrospective analysis is carried out, in which the per-
formance of alternative systems in recent years is assessed. Along these
lines, the C decision context works as the starting point to understand the
context of a system and not as the definitive source to develop recommen-
dations and decisions with future implications, which should be supported
by A or B decision contexts; that is, a consequential LCA. Nevertheless,
these results can be used to identify hotspots where measures to support
sustainable agriculture should be applied, and can also be used as a basis
for comparison with those resulting from the implementation of the new
CAP. In addition, political measures could be suggested, whose conse-
quences should be assessed by applying a consequential LCA. Analogously
to how financial accounting is used in the calculation of income taxes, envi-
ronmental impact accounting from a C decision context could be the basis
for calculating environmental taxes. Even though median EF scores are
analysed descriptively in Section 3, future inferential analyses would
allow their monitorisation over the years, assessing the relation with the
structural factors (such as yield and price of commodities). In addition, it
should be noted that the calculated impacts can be used as input data in
both explained and predictive studies based on historical data.

As to the data source used, although ECREA-FADN is open to the seven-
teen Spanish NUTS 2, consistent data for only seven of themwere available
in the years analysed (i.e. Andalucía, Aragón, Castilla y León, Castilla-La
Fig. 7. Environmental footprint per 1 € of net val
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Mancha, Extremadura, Murcia and Comunidad Valenciana), and some rel-
evant crops were not accounted for in some NUTS 2 (e.g. corn in AN, AR,
CL, CM and EX; and olive and wine grapes in MC and VC), due to the rea-
sons reported in Section 2.1. Yet, it does not provide information regarding
the structure of the data (e.g. dispersion, distribution), and the technologi-
cal itineraries of the farms are poorly described as there is no data on the
surface area of the surveyed holdings, type of farming system (conven-
tional, organic) or irrigation system (sprinkler, drip irrigation); thus, it is as-
sumed that the reference holdings follow conventional farming practice,
which is the prevailing type in Spanish agriculture. Along these lines, in-
creasing the NUTS 2 and crops represented, improving ECREA reports
with statistics on the distribution and dispersion of the quantitative data to-
gether with a systematisation of the description of the management prac-
tices followed in the reference holdings would increase the reliability and
representativeness of the database and, therefore, that of the results
obtained.

The new version of ECREA (MAPA, 2023c) has recently been developed
based on the RECAN database, where anonymised microdata of the farms
surveyed can be accessed. Microdata implies greater detail, mitigating the
loss of information due to third-party data processing. In this way, the de-
velopment of the ECREA-FADN from the RECAN increases the representa-
tiveness of the data and, together with the transition of existing FADN
to the Farm Sustainability Data Network (FSDN) proposed by the EU (EC,
2023d), represents a relevant effort to improve the estimation of the envi-
ronmental impacts of agricultural systems from this data source.

In the transition to a FSDN, the synergy between governmental institu-
tions and researchers in the field of agricultural sustainability must be pro-
moted to obtain a FSDN that satisfies the demand for research data. This
data could be the basis for further studies; for instance, to improve the
regionalisation of agricultural LCIs and to develop the social life cycle as-
sessment or life cycle costing of representative agricultural commodities.
On the other hand, decisions aimed at the opening up of accessibility to de-
tailed data in other official statistics and at facing up to the challenge of
digitalisation of Spanish agriculture may help to develop more comprehen-
sive R-LCAs.

Methodological efforts in the application of R-LCAs should address rep-
resentativeness and accuracy not only as concerns activity data but also in
ue added versus the surface area of the farms.



N.K. Sinisterra-Solís et al. Science of the Total Environment 894 (2023) 164937
terms of the emissions factors: for instance, themetanalysis of Cayuela et al.
(2017) compile emission factors for N2O for Mediterranean cropping sys-
tems. The use of regionalised impact assessment methods is also recom-
mended, such as IMPACT World+ (Bulle et al., 2019), LC-Impact
(Verones et al., 2020), or AWARE (Boulay et al., 2018; Boulay and Lenoir,
2020).

5. Conclusions

A set of indicators suitable for the purposes of comparing the recent en-
vironmental performance of reference holdings at the Spanish NUTS 2 level
has been obtained. One strength of these indicators is that they have been
developed for a broad group of reference holdings using the same data
source, that is, avoiding bias resulting from the use of diverse sources.
The analysis of the EF scores helped to identify how, in most of the refer-
ence holdings, the environmental impacts were proportionally compen-
sated for by the economic goal sought. This was not the case for most of
the reference holdings of herbaceous and some Mediterranean perennial
crops, in which, neither was the economic goal achieved (negative NVA)
nor did the greater use of resources in the irrigated reference holdings nec-
essarily lead to a higher yield and better economic performance, but instead
increased the environmental impact. The existence of holdings with a re-
current negative contribution to the gross domestic product highlights
one of the main challenges of Spanish agriculture: how to improve compet-
itiveness and return (MAPA, 2023a). Following this study's findings, poli-
cies addressing a more efficient use of fertilisers and machinery are
needed to improve the return and the environmental performance of the
reference holdings, particularly in the cases of herbaceous and Mediterra-
nean perennial crops. In particular, farm subsidies to improve the
digitalisation and the development of precision farming can help to make
an efficient use of the resources, such as fertilisers and machinery use;
this is a valuable effort towards achieving sustainable agriculture.

In this study, the NVA is the E-FU used to compare the environmental
performance of different agricultural commodities. In addition, considering
that economic decisions around the supply chains is the main source of en-
vironmental impacts, E-FUs relate the environmental impacts more pre-
cisely than other options. In this context, impacts expressed on M-FU
should be seen as an intermediate item to obtain impacts expressed on E-
FU, which is helpful for results interpretation.

The availability of quantitative indicators is essential in decision-
making towards achieving agricultural sustainability. The EU and the scien-
tific community have robust methodologies for quantifying environmental
indicators at themidpoint and a comprehensive environmental footprint in-
dicator. Applying these methodologies to economic activity links methodo-
logical advances in science to society's needs for decision-making and
policy development based on scientific arguments.
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